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Ac acetyl

Ar aryl or argon

atm atmosphere

BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
Bn benzyl

box bis(oxazoline)

nBu normal butyl

sBu secondary butyl

tBu tertiary butyl

C. concentrated

cat. catalyst or catalytic amount of

CBS Corey-Bakshi-Shibata

CFTA a-cyano-a-fluoro-p-tolylacetic acid

d day

DIBALH diisobutylaluminum hydride

ee enantiomeric excess

El electron ionization

equiv. equivalent

Et ethyl

FAB-MS fast atom bombardment mass spectrometry
FT-IR Fourier transfer infrared spectroscopy

h hour

hexane n-hexane

HMBC heteronuclear multiple bond correlation spectroscopy
HMPA hexamethylphosphoramide

HPLC high performance liquid chromatography

HRMS high resolution mass spectrum
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lit.
L-Selectride
m

Me

mp

MS
MS 4A
MTPA
NCS
NMO
NMR

NOE
NOESY

Ph
iPr

PTLC

rt

TBAF
temp.
TEMPO
Tf

THF
TIPS
TLC
TMEDA

infrared spectroscopy
literature

lithium tri-s-butylborohydride
meta

methyl

melting point

mass spectrum

molecular sieves 4A
a-methoxy-a-trifluoromethylphenylacetic acid
N-chlorosuccinimide
N-methylmorpholine N-oxide
nuclear magnetic resonance
nuclear Overhauser effect

nuclear Overhauser enhancement and exchange
spectroscopy

ortho

phenyl

isopropyl

para

preparative thin layer chromatography
alkyl

room temperature
tetra-n-butylammonium fluoride
temperature
2,2,6,6-tetramethylpipedinyloxy
trifluoromethanesulfonyl
tetrahydrofuran

triisopropylsilyl

thin layer chromatography

tetramethylethylenediamine



TMS

tol or tolyl
TPAP

Ts

TS

tetramethylsilane

methylphenyl
tetrapropylammonium perruthenate
p-toluenesulfonyl

transition state
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YIRE LTIEEL, FLU 4 VRGNV, PUERETEYE, REIH], i BIE M7 & oo Bk
WWAEBIEERZ RSO Z2E D, 2HOBEKGENEEE, MERESL TS
(Scheme 1)V, F7z, V7 F OB EICIZZ L OBARFRENEFT L TN D20,
ZI S ONAREEEZ S U 72 G RIE 2N T 5 2 L 134t OIS TR AR B 7T & 6D C
WS ETHRO THEZRFETH 5,
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podophylotoxin

eupomatilone 2 steganacin

Scheme 1. Representative structures of lignans.
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Wittig BAAZ SO, FE T VT o ONLAR AT U CNARRR A SUSDET T 5729
MRS E HIE L IRE IR B ATERG & L CEHERERMSTH D D, AR TIEE
SIT, MR FERNLFE2HNTEXTIARIART =4 OFRICEY ., TXTNVEEN
BT D 2 DO RFIRFE LR T HZ L AHETH S (Scheme 2) Y,
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R' __ R
— " R R
? ER ECL/ R"Li R ecL 12,3] %/V*L
oG 0 G H*

chiral carbanion HO * "G

G = aryl, alkenyl, alkynyl, COR, CN, CO,R, CONR,, SnRj3
External Chiral Ligands (ECLs)
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R2 OW)Q(O R2
| \
R2>§/N N—/ R?
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(-)-sparteine  (-)-a-isosparteine  (S,S)-bis(oxazoline)

Scheme 2. Enantioselective [2,3]-Wittig rearrangement using external chiral ligand.
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THIET DTV a— A&/ TN P, Z0% Nakai & ) 2R RFEN & LTxZ
NERAFXH YU CEMNL AR LTS, L L—F CHEE I Z LS, IEE,
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S5, HEBABHEE RN T m b 2| R LS OISR A L 2T e b
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WS U TFABRRMEAER L, £lo. RUSHEICOWTOF I RMAZG-, 61
AR~ E IO LIRS, TERE D b mWALRIEIRME T eupomatilone D ARF A Ak EEZ
L7,

7 ) =)V AF ) —T VI BT D AF[2,3]-Wittig (i SOS OfET () 4

FHX. REFREDEF TV IS UEREEZ, -7 7 b 3 ZREND & LTS
T 52 L &dtHE L7z (Scheme 3), 3%, 7 U—/LAF/L=—7 )L 1 D[2,3]-Wittig $507
i, B PARBIGIC LV ARFATREE B X T2, £, LIRS T 57V 07 rI RET
U =)L AF LT b 2—,Ld Williamson =—7 /LA K 0 RS2 = & 25l L7-,
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— oi} —

eupomatilones
Y 7 F gk Ar', Ar? = polyalkoxysubstituted phenyl group

, . TIPSO
enantioselective TIPSO
[2,3]-Wittig T Me :>:\
rearrangement Br Me
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Scheme 3. Strategy of lignan synthesis.
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Wittig BA7 S DS Ft 21T o 72, ZFOfE%. 112 THF HC tBuLi Z#1/EH ¥ 5 &,
HEYHE D X DAL Y F A ST [2,3]-Wittig 0SS0 @Y 7 AT L A @I i
7L, syn KOBRET VAT /Va— 2 BPIRE LGS 72 (Scheme 4), 72721, /37
PZA PR UHENEBR L, XUUNMMOBHEEMET T2 & T UL U FA{bn3 st
A LT 850K 4 BEIET 2720, T 6 DOEE TIINEMET 5 Z Enmhoi,

UEDX ST, 7TV = AF=—T7 VHHIZE T 5 [2,3]-Wittig #5047 55 2 et Lz &
ZA, BWIT AT VAR T 235 IR A 55 Z LIS L7 (B5—Hish 1),

TIPSO TIPSO
- Me tBulLi (10 equiv.)
THF, -78°C,2h
N o

\/)—OMe
1 OMe 2 [2,3]-Exfiik
(only syn isomer)

4 [1,2]-85fHIik

Scheme 4. Diastereoselective [2,3]-Wittig rearrangement of arylmethyl ethers.

Z ZTWRIT, AEBNLFAFAE T CTOMF 2T o 7o, W RROARFENL IOV TR
NEITST-EZ A, la ICHBIEREECTH DXV U T T A E RSV Y VBN T
L1 [(S,S)-box-tBu] 1F{E F tBuLi Z/EH&E 2 &, ERIROT YV — L AF LT —FT VT
ITELZERIN TR S7 99% ee &) @V FARIET (1R,25)-2a 7345
A7z (Scheme 5), & HIZ la ORISIZEBWNT, AFENL 7% 0L B EF THETHEWVT
T F ARV AR B [2,3]HE0R G H LD Z & AV Lz (85 /s —TH),

TIPSO Me
TIPSO L1: (S,S)-box-tBu > O|\/|e Meo
Me tBuLi ] \ MJ
hexane, —78 °C o R N N—s
(0] > HO 3
tBu tBu
1a (1R,2S)-2a
up to 99% ee L1: (S,S)-box-tBu

Scheme 5. Enantioselective [2,3]-Wittig rearrangement of benzyl ether.

eV CTARBUG O AP IZ DWW TREF L7z (Scheme 6), 7. 7 U — iz 5@
PILZhRIZOWTHRET LT A, WRIMELITAZNITA FF VP ERHR LG T
I% 85-98% ee LIFFIZHmWTF U FARIWET 23k afGo &N TE, T
WKL, AV FMLIZ A R ERAVEHR U 72 HE TlE 17-42% ee & = F A RPN K
XML T L, 22T, AV MAUCZFVENERR L RE TR EITo7oE 2 A, A
b BENERR U2 & I3 IBAYIC 99% ee & W) FEFICEW T U F A EIRME AR L
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W7V =N AFNT—T VEHTOEBMICOMEZ KT 5 L FEEHEOLOHWZEEIX
2 PLIZEEWVESSEE (R = CHOTIPS) 28 L TWAANRER-TEY, @t oI
BIRMEDO —HIZZ2 > TWDHDOTIT RN EE X 2 MMOEBRIESRIZOVWTHEL
(Scheme 6), & DR, ?"‘E D 2 MEBEOFEE/NS L LTV Exmd o T ARk
ISR T L. BEE oS 38% ee & TN ETOWREH L REDOERELE -T2, T
SP I ﬁ?%iﬂﬂim“( . BB 2 (fICEREWEBEEZAT S L 0o S EoRH
D, mT U F RN ET T OEERERTHLZ ENHALNE R ST,

TIPSO Me TIPSO R Me
QFZ . I\
Me H S 1 oMe \\\‘ Ph
1 o 0 J HO
OMe

. X=H (98%ee)  R=CH,OTIPS (98% ee)
(17-98% ee) X=OMe (42% ee)  R=Me (63% ee)
X=Et (99%ee) R=H (38% ee)

Scheme 6. Comparison of substituent effects.
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I L RERR LTz,

ULED X SIT, =F FAERE [2,3]-Wittig S5 OS2 RE Lic s 2 A, FERIRT
U= AFNz—=F VB TIERICR W W T o F AR 2 R L, 72,

O3 FFPHIZ DWW T BT Lie (38 % ),

AEGBEEEOER (F %) °

ARz o F ARG [2,3]-Wittig #EAL UGS IEL, T T VIV RT =4 O LA 5
L. 1) =F U F BN 0 F oA K D R FFEEE., HD00E, 2) FEEIRY
i7" b oAbiE D, BRI RIS B B 5 VI ENE ) S A BN K D R RS
IV#TLTVDEbDEEZBND O,

[2,3]-Wittig $E07 S IFNAR R THATT 2 2 2 A BTS20 1 (S,9)-box-tBu
L1 ZHWT (IR2S)-2 WEAMM & L THLNDARFKSHES LT, 79 —2IC
pro-S 7' ki (Hs) OFRWYRM T v b oAb, SRR T [2,3]- 860 S AT 5
HENRZ 2 5D (Scheme 7)., F7-. BRI T v b i ALZICRFBE I HH0E
& LT, Scheme 7 (T d i7" a hALZICAERT DY F40IK A BIOY A’ BPHEAEE
B, BRI A 22D OERNL S OMESE L= BB 0El, BLOL A & A [H



TONEAETFHNT AR D T2D A DO OERNLSRAMESE L 72 BB ) /) 53 B 208
FZAbND,

. TIPSO TIPSO Me TIPSO Me
deprotonation WM , 3 N S
of pro-S proton _ K1 5 H, L L1 K'1 - \ H o
(Hs) A O/<Ar inversion  LIO" | A Ho' A
TIPSO H
— base/ (1R,25)-2
Me, . L1 ka1 || k12 major
HR/,/,<HS
O “Ar |
1 TIPSO TIPSO TIPSO
_ ks Me k',
deprotonation L 3 L1/ Li, gH |--"----
of pro-R proton A O/< inversion Lio” = Ar '
(Hr) (1S,2R)-2
minor
1. Enantioselective deprotonation k>>k, (inv.)
2. Dynamic kinetic resolution kog = kqo, k'4>>K'5 (inv.)
or Dynamic thermodynamic resolution k5, >> k45 (inv.)

Scheme 7. Possible mechanism of enantioselective [2,3]-Wittig rearrangement
in the presence of L1 giving (1R,2S)-2 as a major product.
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WA ZEIZED, FEMAeAREHEEENH O D Z & 2 LIRGEZ 1T - 72,

F9. HWHA~OX T NVREKBOEANL, BAFELT YV —ALT AT ROARFRITIZ
VK 90% ee TER L, afi® /) HAKELT V— A F )T —T LOHGEBIERE 15
7= (Scheme 8) (&),
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H

Ar
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Scheme 8. Preparation of deuterated enantiomers of arylmethyl ethers.
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I, pro-S v b N F U FARIICY FA LS, OV ERESRFFLEEE
SARIER CTEAL S EI T LTV D Z E MBS E 72572 (Scheme 9), F7=. L1 1%, AU
X INANRT =F L BROGERETT7 & b SEEZRIZLTNDHZ L bR s
LTz (BB EE—IH),

Me_ Me

TIPSO OW/X*WS> TIPSO Me
f\ N N — L1 :
Me B ~
HR’ HS u . tBu o Ph
O/<Ph tBuLi, hexane - HO
1a (1R,2S)-2a
. . TIPSO (71%, 98% ee)
enantioselective —
deprotonation of H Me Li -L1 stereo-
pro-S proton (Hg) %Ph inversion
(@]

Scheme 9. Proposed mechanism of asymmetric induction.

IHIT, FEIIBW T U F A RBIREDIE DS T2 MLIZA XV EEZAT D
HECTHEEORGEE T T2, ZOREFE, 222 FF T 7 == )UIKTIE, W7 m b vfbo
BRI T &, AT DTNV RT =4 ORI L Y =) v F 4%
PFMEME T 925 Z ERALMNE o7 (B H%E 1),
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T U F AEINAY[2,3]-Wittig BSOS E LT, U I s AR D —FE
eupomatilone @ & fi% % §& 7 7=, Eupomatilone 14— A + 7 U 7 E O #EK Eupomatia
bennettii 75 1991 4E|(Z Carroll & Taylor (2L » CHEtS 7=V 7/ U ExiAT, =
V7 F B L, BEICBEBEEREELIN-ETV—IEREZA L y-7F 77
E%%o“@\é 9, H3\C eupomatilone 1, 2, 5 IZEEND a-AF L ry-TFu T s b

B, MRENS RTED AT A A (-CHSH) & Michael )izt 2 L CHufE i
P2 R TAIIR Z TR LB AR E R R 2 FIE T 5 2 &0, My 7 F ViR~ B
8RR &3 CUW 5 Ik kinase (IKK) <° nuclear factor-kB (NF-xB) Z &) & 325 Z & 2350
LTG0,

ZIVETIZ o fraMfafn L7-E#a L % 3o eupomatilone DA IZW S D ST
DI, a-AF L -7 FuT s N okEELZ AT 5 eupomatilone 1, 2, 5 GO HEFIITA
2 W IR EARICET 5L, Coleman HICEHXFTART UART kKA
W=D TH D, 51 eupomatilone 2, 5 B L N1 2 FNEH 76, 74, 88% ee T T



W53, eupomatilone 1 I L TP T AT LA~—RAEWE LTHTRY, BT
IZIEE > TuZpu M)

EFX, eupomatilone IZRFEHI R mEICE R R LEINTZET UV —AEKEFEST Y
=T IUIZRT L, =T F AR [2,3]-Wittig #5076 2 T E UL, EkT 5
RETIVNAT VA= NN I A LT 4 G v-T 7 N ~OEBRPEZITATZ,
eupomatilone 1, 2, 5 DRF AN EM TE D L& X7 (Scheme 10), F7z., LGSO
BLodT Vv —T70E, 88Ky TV I E VAR LT U — L AF LT L
a— 7Y AT REVRETLZ L& LT,

. - TIPSO
enantioselective _
R' [2,3]-Wittig Williamson ~Me

rearrangement ether synthesis ‘0

2
OR N R3O

o

R®  Suzuki
eupomatilone 2 (R'= R?= R3= R*= Me, R%= OMe) coupling

eupomatilone 5 (R'= R?= Me, R% R*= -CH,-, R%= H)
eupomatilone 1 (R'/ R?= -CH,-, R3= R*= Me, R%= OMe)

Scheme 10. Synthetic plan for eupomatilones 1, 2 and 5.

TP, NG OIRE L 7257 ) v —7uiE, Buchwald & Ok BARSG A D » 7V 7
WCED B LIZET U= AF AT ha—LT U r7a Rl Lz B8,

Eupomatilone $H0D A B H AR % T o T A 38R [2,3]-Wittig #5047 S5 2 fR et L
e ZA, THUHHE TR, tBuli XV 172 nBuLi Z H - Stk THAN UG D3 AT
L, 62, WEHE L T=—T A Z M2 52 LIZE DK 90% ee THEifid D RAIRHE
DOHEFZREZH L 7= (Scheme 11) (55 ),

BonfzTva—{kE 2 TFRTy-727 br~LiFEE L, (+)-eupomatilone 2, 5 B X
WY (-)-eupomatilone 1 DARFEARICHEKIY LIz, ANEIZBEHMOERIEL Y VT AT LA
BRMERS L O o F AR T HICB W THENL T D (5 =),

TIPSO TIPSO Me
p— N 1
Me oR! L1:(S.S)-box-tBu OR

O nBuLi
3 ) OR? +)-eupomatilone 2
R°O oR? hexane/ether (4:1)  R%0 (+)-eupomati
O > OMe — » (+)-eupomatilone 5
R40 OMe (up to 91% ee) R4O (-)-eupomatilone 1
R5 RS  (1R29)

Scheme 11. Asymmetric synthesis of (+)-eupomatilones 2, 5 and (—)-eupomatilone 1.
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HENLSUSMZ B W THERIC R W m O = o F A @R TRISDET T 5 FEZ R L, LE
PRARETINAT N a— LV ERRALIGDH T LTI LT, S HIZ, eupomatilone DAFF
BEMEAITORKEDFERAMEZ R LT, LU, ZOFEMIIZOW TR S,
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B T U L AT =T VBT D AR [2,3]-Wittig 507 SO0
DTS

[2,3]-Wittig #5075 lE, o-7 U A A F S HART =F1c L b [23]-3 7~ b b'—
N SOSTH D 2, SOSITE B EBRIE 2R COLARRICHET L, &2, Z-ko
FEMPDILsyn (KO T V32— L3 E-(R2> 51 anti (R2MESE L CTE 5405 (Scheme 12),
ZDEINCHEE DT N L ERGy ONRALFTG U TR BRI SIS DN EIT T 5729,
SEARAL T A A U 7o RFB—IRFARE B TERS & L CHERRISTH D,

R' 0O H T R'
— e © R
T G _r 23] ‘
e e ol
CJO G R H H* Ho\\‘\ G
syn
RN o) H 1 R
o ( e © R
G R [2,3]
2| & B
(o7 e )f . -
H R H HOY G
G= aryl, alkenyl, alkynyl, COR, CN, CO5R, CONR,, SnR; anti

Scheme 12. Concept of [2,3]-Wittig rearrangement.

ARG TIE S BT, SMRARFENL %2 N2 TR VR T =4 OFFRIZL Y,
TXRTIREENS —HICH#KGET D 2 ODARKFRELEETHZENARKRTH D
(Scheme 13) ¥,

Rl

RI —— Rl
— (I R R
R ECL/ R"Li Lis ECL [2,3] /ij*i
Z A .
o ¢ O™ *°G H HO
chiral carbanion G

G= aryl, alkenyl, alkynyl, COR, CN, CO,R, CONR,, SnR3
External Chiral Ligands (ECLs)

o R\ _R o Me, ~ Me
N  N— 2
R R MeO

(—)-sparteine (-)-a-isosparteine (S,S)-bis(oxazoline) chiral amino ether ligand

Scheme 13. Concept of enantioselective [2,3]-Wittig rearrangement
using external chiral ligands.



RHFENL T2 W e o F A 38N [2,3]-Wittig #0756 1%, 1994 4512 Kang 512 &
STHD THRE SN, T7bb, ~FH o f (D-a-isosparteine F7E FTT /¥ F
UAEERSEDL L, TRV E LT =T AND T1% ee THIST HHRET UAT L

a— A NEBND Z ENHE ST (Scheme 14) %, 4 51X, (-)-o-isosparteine 7§§7/I/%
NIFTLDYFULRFITEN L, RERRECEEDOKZZSIEH Z LItk =
FUTFARIREDF LN TWDLDTIEARWNEHEL TS,

Z Dk, Nakai HRNEHARAFEHMNFE L TEFINERALRH VU UEMNIF42 R L.
TuaRNAX NV =T VB RO CRE 8% ee DS U FABRRMEEE TS
(Scheme 14) 9, F 7o, HET V7 v ONREESR, 7 a ULV KO B LS =)
VFFEPEB L OTUT AT UAEPRIEICRESEET L L AR LN LTV D,

Kang, J. et af 3
R
__ R R
(-)-oisosparteine-sBuLi (2:1) \ +
O\ hexane, —78 °C &= =
e - HO ™S L ™S
(E)or (2) syn anti
(E),R = Me 77 (29% ee) : 23 (31% ee)
(), R = Me 100 (42% ee) : O
(2), R=Ph 74 (7T1% ee) : 26 (46% ee)
Nakai, T. et al 30©
akai, T. et a Et Et
_ Me }N NJ (1.5 equiv.) Me \\Me
iPr “iPr N
tBuLi (1.5 equiv.) / - + / -
O/\X hexane, —78 °C - HO —X HO —X
(E) or (2) syn anti

(E), X = TMS 80 (32% ee) : 20
(2), X =TMS 95 (45% ee) : 7
(E), X = Me 5 . 95 (89% ee) 2
(), X = Me 94 (39% ee) : 6

a) Carried out in pentane at —95 °C.

Scheme 14. Examples of enantioselective [2,3]-Wittig rearrangement of propargyl ethers.

—H. TINANRDNT—FT NV EHE LT HE, Nakai HDOF T LERXAFFH Y o~
B A2 TS TIE = o F A RIRPED 40% ee (28 Y- T % (Scheme 15) 39,
Manabe 5%, RHFENTELTXFINANT I/ 2—T L EHNTHRFZIT>TEY ., (2)-
KOT VIR DL T—T LD 64-80% ee (DT L F A TRIRME CHAAL IR 213 TV D A3,
IR 50%12 & &k > T % (Scheme 15) %), F7-. Kimachi 517 UV —L A FLo—F
WEBEDOT V—=NEEDF I/ MIIZ NN-PZTF D NNREANVIEEEANTHZ EITLD,
(-)-sparteine & VT F > FAEIRMEE 62% ee (ZM ESHETWEREDWNL DT
[Z72\ (Scheme 15) 39, = X 5 1Tk » R ATHONL TV B 2, FEBRIRD T U —)L A
FNT—TNVEREL LIESAEDT T o F AR REICE EE-oT0 D
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Nakai, T. et a/ 3°¢)

Et
OIIEt \O
SN N (15equiv) Me Me
<=\ iPr “iPr
Me tBuLi (1.5 equiv.)
o/\ Ph hexane, —78 °C //——\\\\\Ph + & Ph
> HO' HO
(92% Z) syn anti
89 (40% ee) 11
Manabe, S. et al 3 Me, ,Me
Mezﬁo@ ,
Me (1.1 equiv.) Me Me
TY\ MeO p\\
nBuLi (1.05 equiv.)
PN toluene, -78 °C //—;\\Ph + / < —Ph
0" Ph >  HO HO
(E) or (2) syn anti
(E) 65 (16% ee) : 35(12% ee) in 48% vyield
(2) 90 (64% ee) : 10(80% ee) in 50% yield
Kimachi, T. et af 34
Me Me
— (~)-sparteine (2.2 equiv.) Me
Me nBuLi (2.2 equiv.) /
entane, —95 °C
o P > HO
R R
R=H (60%, 21% ee)

R=CONEt, (71%, 62% ee)

Scheme 15. Examples of enantioselective [2,3]-Wittig rearrangement
of acyclic aryl methyl ethers.

*7-. Honda 5%, kallolide A OB AR T H7-0, BRIKZ L7V )L —F/LDT
T F A EIR[2,3]-Wittig HAAZEOG Z R L. (S,S)-box Z VT 93% ee & @ =)
F A IR T2, 3R A1 T WA, RIS 2 7% L7 (Scheme 16) ",

Et O
OI/Et \O Me M
Me s/N Nj . /‘ e
— {Bu “Bu (1.5 equiv.) =, /l,// \ O
tBuLi (6.6 equiv.) ’
e} 0 hexane, —78 °C _ e I,
\ > HO T N Me
Me Me e
(19%, 98% de, 93% ee) kallolide A

Scheme 16. Honda’s report. 3"
ko X oz, REFENAZ2 AWz o F @R 72[2,3]-Wittig 8507500 134 72

RFRFMEIELE LTI SN D b, IR, =T F AR, 07 27 LA @R,
BETIZBWTRARMEREZ 5 X TITD 72, S 61T, HABEE O\ e h oz
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GlERLS T2OITE R AR LTI o202 ERHIRE D, =) o F 48N
[2,3]-Wittig HEA7 S a2 KRB k72 &~ SR BlTIE & A &7y, WED

BIE 1) Z oo o F AR [2,3]-Wittig BA07508 2 & LT, T4 7 3 REEE IV
HHEN 1988 4EIC Marshall B ™ 12k > THE S TWA, T 47 2 NEEIT, BIEEOK
W E b DB EHRENRREETH 57278, Gibson & PV ZEEIC /v AT L—r R ARSI
PEAZEH WD Z LIk, @t F AR L OUGE CHAL R 2155 Z L IZRPI LT 5,
F7-, Nakai b 013, 5L ERZALRCT I RERMFELEFIART T ) S5— D
[2,3]-Wittig #AAL SIS IZ L 0wV T AP T 4-epibrefeldin C g A EZ SRk L TV 5,

Marshall et al.*?

Me Me
D e X
=— ! > — (69% ee)

OH

Gibson et al. 29

Ph. Ph
N Me OH

Ve,
O/\/ >7NLi LiN—{
Ph Ph
o (80%, 96% ee)

Cr*= Cr(CO);

I 12¢,f)
05 )-F
Pha N
I B=Br / Et;N

SN OH
PR~ ) H OH H OMe H 0
Q/ (COZMG OZSOF : > . oo 7 ~ © Me
L —> S -
o) COzMe \\ P

H
(54%, 98% ee) 4-epibrefeldin C

Nakai et a
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—J, Tz T a4 RPLAERRIN DM O ZREHER Y 7 VI T
=T anR ) A4 ReHEARBENE L v 7 ) U 7IRT, SRRREHRMBGFEEL, £,
ExBBEREMEENT-FHFFREZA L TWDS (Scheme 17) Y, U 7 F L H S I X BUKRIE
EPNEEN RWTE S, EIEGOU — NMeamE LTHEREZED TNWDH T b, 1
b DAL 2 HIE L 7o A RiE 2 HeNL T 5 2 L IS TS MR B 22 2 8 D T < B TR
HDTHEERBETH D,

A. Representative skeletons of lignans B. Principal aromatic structures
of lignans
0}
O
10 O I N
° o OCH
THF lignan i 3
furofuran lignan OCH;,
aryltetralin lignan dibenzocyclooctadiene eupomatilone
lignan

Scheme 17. Basic skeletons of lignans.

X, V7 UG LT AR IREE TS T ARG 7 [2,3]-Wittig #5075
BRI E LT AL — M X VRS 2 2 L2l AERJBENETTHT FTE R
TIURERTLY IS UERKRE, -T2 b 3 R0 E LTS TS 2 L ARE L
72 (Scheme 18), 3 %, 7 U — /L A F )L —F )L 1 D [2,3]-Wittig fizir )i, # < BABREUGIC
FOERKREEE X T, £/, HEHERD LT, S TH57IA47aI RETU—LATF L
7 b2 —L @ Williamson =—7 /LERUC L 0 95 Z & ZFHE LT,

&) &) :Boi? — o

THF lignans

eupomatilones

Y 7F UEGE

Ar', Ar?, Ar® = polyalkoxysubstituted phenyl group

. . TIPSO
enantioselective TIPSO
[2,3]- Wittig e :>:\
rearrangement
> 0 .@ —_— & Me
1 HO™ Ar!

Scheme 18. Strategy of lignan synthesis.
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F—Hi AFENLAIEFAE TSR B [2,3]-Wittig S5ALUE ORET
B TV ATFNLE—FT VIO ER

B L LTV — A AF Lo —T )1 1 @ [2,3]-Wittig B0 A a5 720, %
TN BEEEREEEINEZT Y =L AF LT —T )L laj ZROFGFETHB L
(Scheme 19), 3. HAEEZIOAREIfI— 2571 5 ¥ % DIBALH [ TT7 /L — /L~
%, NIAYTrELTVYNLVETHREL, 7V 7 I R6 % 2 T 84%DIRTHT-,
HNT, 7L K6 LU TLa—LE O Williamson ——7 L& RL %
L& Z A, THE 1 tBuOK ZEHSHEDZ 2k, AMOT U —LAF LT —F
JVla-i 155 Z LN TE T (Table 1), F72. la OEEMER 1 (%, STEBEEIOT VU L
TN a— L 7 DR UIRIZ LY 68% DR TE LT,

TIPSO
MeO,C a), b) TIPSO c) _
T N R R
Br Me (84%) Br Me (Table 1) o >Ar
5 6 1a-i
TIPSO Me
TIPSO Me d) —
—  —
HO , (68%) o0 >Ph

1j (Z isomer of 1a)
a) DIBALH, CH,Cl,, =20 °C. b) TIPSOTf, 2,6-lutidine, 0 °C to rt.
c) ArCH,OH, tBuOK, THF, rt. d) NaH, BnBr, nBu,NI, hexane/THF, rt.

Scheme 19. Preparation of arylmethyl ethers.

Table 1. Synthesis of arylmethyl ethers 1a—i from allyl bromide 6.

entry Ar arylmethyl ether yield [%]
1 phenyl 1a 75
2 4-methoxyphenyl 1b 63
3 3-methoxyphenyl 1c 80
4 2-methoxyphenyl 1d 85
5 3,4-dimethoxyphenyl 1e 85
6 3,5-dimethoxyphenyl 1f 74
7 2,3-dimethoxyphenyl 19 85
8 2,5-dimethoxyphenyl 1h 85
9 3,4,5-trimethoxyphenyl 1i 77

14



%I [2,3]-Wittig A7 S O SRR

FIETEONTZT V=L A F )L —TF )b la-j @ [2,3]-Wittig B0 TR 5 S ME
AR D720 REFERNLAIEFE T TORMIRET 21T 72,

RELE LIV 7T UV EAREZRBICEE 4-A X7 = =/LK 1b ZHV TR
A& To 7 (Table 2), £, 1b @ THF ¥#&IZ-78°C T nBuLi Z/E/H SH723, RGN
AT L7222 o 7= (entryl), F7-. WP TO nBuLi &S 4 EsH A L& 5 A
#)T TMEDA Z¥shn L7=23, #ifF L7e b3S o T RE A EI S vz (entry 2), 2
THIHL L L CREREI O sBuLi (10 &) Z2EH L7 2 A, syn (KOKRET VAT L a—
N 2b BEOT U LT v a— v 4b BZENEH 4T%, 19% DR T L7z (entry 3) M2,

Table 2. [2,3]-Wittig rearrangement of arylmethyl ether 1b.

TIPSO
base
T additive
_ﬂZT_\Me THF, ~78 °C
O/\©\ »
1b OMe
entry base [equiv.] additive [equiv.] yield of 2b [%] yield of 4b [%]

1 nBuLi (15) — 0 -
2 nBuLi (10) TMEDA (10) 0 -
3 sBuLi (10) - 47 19
4 tBuLi (10) - 44 17
52) tBuLi (6) _ 40 24
6 tBuLi (10) TMEDA (5.5) 40 23

a) The reaction temperature was raised up to —60°C.

FVE 2) HRREOT VXN Y F UL EERSEZZT T, JOSEETE, BRI OELE L
& L7z, Scheme 16 ® Honda & DT iR OMEEE A H L T\ 5 03, % 6 I1XEK THRAE L
AT, BRALIRDA Y 7 a R= VLD A FVKFEO N EAFILIN TN Z 2 HE L
TD M, EH L QEAKCRLIEIT-72 8 2 A, MRS HZFEEOT U —L8 LD A FF 3K
DA N MIKFEO—HNEARFLEINTVDZENHHA L, ZOZEnn, VT T AEEM M
DR ERESNZ AN T 5 7o DI A BRI LE L T2 DO TIERWNEBRZ L TS,
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2b IIHIFFE Y 1b OXUANLN Y FALINTHE LN 23] 5 A TH—~D YT
AT VA~ —¢& LTHELN, £To, ZOMMEREIZHZRET D HIEICED syn THDHZ
L xR LTz, [2,3]-Wittig $5A7 RS IZERZIERIRE L B THEMICEIT T 25729,
Scheme 20 I/ RT LK ATV —/VENEBT X TN EZ HDD TS2 L0 s 7 K
T AR EHD TSI 28 H U CRIGHEIT L7 27 LA BRI syn (KD 2b 7355
nNicboLBEzo6hs,

O— H 1
T OTIPS | © Me
E [2,3]
TIPSO Me H H* Hot Ar
— TS1 2b syn
1b base gjfé

o Ar + TIPSO

O>—Arotps | o Mo
N 1 H [2,3]
Ar = 4-methoxyphenyl “c--__ 3 7/
Me H H+ HO\\\‘ Ar
TS2 anti

Scheme 20. Formation of 2b from 1b.

—J7 4b 1%, 1b T VAALR Y FAAZIT L2450 SN EITT 5 Z L I2 L 015
SNTRIEHTH DL Z ENHLMNE o7, [L2 86k E LTIET U LR Y FA L&
NTERERAELT D 4b O, XUV AALTO U FA LD, [2,3]- 8600k & Fia LT
[1,2]-B=A718 4b> 23R4T 5 AREMED N & 5 23, HMBC FHBHIC X D REEMEIT OSSR, 55
NT=DIL4b TH A Z & ZHEF8 L= (Scheme 21),

FORSAEE L CRIZ tBULE (10 &) # W& Z A, entry 3 ERIBEDIE T 2b B &
W 4b MF 17z (entry 4), F7-, IEOmMEZHRHE L, KISEE O EHS TMEDA
DWRMZERIT=D, B2 RIIE B/ - 7= (entries 5 and 6),

TIPSO TIPSO --H
_ MeO
(lf_\\'\/'e [1,2] Me
O‘j@
OMe H----
HvBC 4P
base
1P TIPSO TIPSO
_F\Me [1,2] MeO — Ve
L (’O/@\©\
OMe OH b

‘——Egiil——” 2b

Scheme 21. Formation of 4b and 2b from 1b.
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WD TR RO W TR 24T - 7= (Table 3), IAfEE LT THF Z2HW5 L7 1
R AESHEIT L. [2,3]-500 4K 2b 38 LY [1,2]- 850214 4b 235 Bz DIkt L (entry 1),
FERIERBED b L= RonF V2 2 WD SRS IE < EITET, 8b BNEARY &
LT o7z (entries 2 and 3), LU, ~FH 12 TMEDA %Ml 2 T tBuLi Z1Ef
25 &, 8b DEIAEIFINHE &I, 2b 2% 25%DUR T L7z (entry 4), Z O IEMMEALE
HCORIEPEDENERD X HIZELE LT, tBuLi (Z~F V272 EOIEMIEREEF Tl 4
BARLICEAL TV DERMOLN TS B ZOSARRETIE tBuLi 1% 1b »~»
NIRRT e kAL TES, L V2 Scheme 22 127k SN2HIOMERE T 1b 12 -7 F
IWIEPEANINTZ 8b BWAER LT EZE X bILD, —FH T, entry 4 DX I/ A AN
OENLT-TH2D TMEDA Z Mz 5 L, ~FH 2 HO tBuLi OGN, S HIZY T
U L— IR B TEADOSWIMEE SN TT =4 R RT5 22k, b Oy
WAL T a2 S AL SV THEI SR EIT L 2b RELNT-EE X BID,

PLEDFER LD, ~FH T TMEDA OOV ICARFENL 2 AT tBuli &5
BT X, @V =T T A EIRNE TR B AL D ATREME S RIE STz,

Table 3. Solvent effect on [2,3]-Wittig rearrangement of arylmethyl ether 1b.

TIPSO tBuLi (10 equiv.) TIPSO Me TIPSO tBu
— additive N —

Me  solvent,—-78 °C \ + Me + Me

o Ar > ’ O\\\ Ar  Ar OH o Ar

1b 2b 4b 8b
Ar = 4-methoxyphenyl

entry solvent additive [equiv.] yield [%]
2b 4b 8b
1 THF - 44 17 -
2 toluene - - - 85
3 hexane - - - 68
4 hexane TMEDA (5.5) 25 12 3
TIPSQJF\'/;&/ Li >_<tBu
— Sn2'
Me > Me
0" Ar o Ar
1b 8b

Ar = 4-methoxyphenyl

Scheme 22. Formation of 8b from 1b.
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WIZ, T U= AFx—T )b la—i 1Tk L, THF 1 -78°C T tBuLi % 10 Y &EfEMH &
B, TV = A EOEBRILHEIZOWN TG L7z (Table 4), ZDOFEHR., WTizksB\Th
[2,3]-Wittig BN SUG2SHEIT L, syn KD 7L a—)L 2a—i NE—DYUT AT LA~—L L
TRONT, FFZ, 1a, c=d, f—i 2> BIXRAFRINER T2, 3]- 501K 2a, c—d, f—i 2357,
Ll 4-A FFUER1b BEY, 34-U A FF UK le l2B W T, [1L2]HE071K 4b B8 K&
Wae WO ERIE L, [23]- 850D EIIHREEIZE £ 72 (entries 2 and 5), 25D
FE T 4 LA P VENPSDBFOMUHLICK Y R DA OBIEENME T 57
D, TUVNMIO Y FAHAERBHEE LT Z Y [1,2]-865004K 4 PEIELTZbDEEZBND,

Table 4. [2,3]-Wittig rearrangement of arylmethyl ethers la-i.

TIPSO Me
tBuLi (10 equiv.) TIPSO S —34-44H TIPSO
e THF,—78°C,2h J=34-4.4Hz Y
- o, + Ar. €

O/\Ar HO\\ OH
1a—i 2a-i 4a-i
entry  substrate product
1 Ar 2 yield [%] 4 yield [%]

1 1a phenyl 2a 86 4a -
2 1b 4-methoxyphenyl 2b 44 4b 17
3 1c 3-methoxyphenyl 2c 64 4c -
4 1d 2-methoxyphenyl 2d 68 4d -
5 1e 3,4-dimethoxyphenyl 2e 43 4e 6
6 1f 3,5-dimethoxyphenyl 2f 93 4f -
7 19 2,3-dimethoxyphenyl 2q 72 4q -
8 1h 2,5-dimethoxyphenyl 2h 58 4h -
9 1i 3,4,5-trimethoxyphenyl 2i 79 4i -

—J. la OBMEMEERTH S 1j ZHOTHRETEZ1TH &, anti K 2j BE O syn 1K 2a 73
ZIEH 50%E LR 27%DULR T S, lafli il & le L TP 7 A7 L@ RMESE
T4 % Engyhoiz (Scheme 23), 7235, T AT LA EIRMAR T OMEIZ OV TR
RHTH S,

TIPSO Me
TIPSO—  Me 51110 equiv.) TIPSO 88 Hy R
THF, 78 °C, 2 h ')
\\C Ph
0" Ph HO
1j (Z isomer of 1a) 2j (antl isomer of 2a) 2a
(50%) (27%)

Scheme 23. [2,3]-Wittig rearrangement of arylmethyl ether 1j (Z isomer of 1a).
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RET VAT a—) 2 OFXEEZ R 5720, 2d (Ar = 2-methoxyphenyl) %
HD y-F 7 hro~LiEE L7z (Scheme 24), 2d O U V% TBAF (2 LV BrREK,
TEMPO (LI LV kT Va2 — VORI RBILZ R TREM -7 7 b~ LiFEa
Lize A, CHEBEEND y-F 7 h 2 syn-3d 9 & H BL O BC NMR 222 h L —2
Lz, ZORERE Y 2d OFEXIELEIL syn TH D ERE LTZ, F7=. 2d % TPAP/NMO [
Bz L0 7 b o~ Ltk L-Selectride® TiEocd % &, anti-2d 237 AT L AR
bz, BIROGIET anti-2d 27 7 b~ EFFEE L, CHBER O anti-3d ) & H
BLXOBCNMR 227 AR 8T 52 & 2R LTz,

2d BLOanti-2d D 1L 2D AF T b Dh vy 7Y o TESEKT D L.
syn fKd 2d TiX 4.0 Hz & I/ VMEZ R T DIZxF L, anti-2d Ti% 8.3 Hz & K& 722
xR U, FEEDEBRDEIT Nakai HIC L > THREENTWA 1, 2a-i DAF 71
Ny 7V TERIT 3444 Hz E/NSVMEZRTHENL, LD OMXRLE X
syn ThHERE LT, —FH. 2 DI vV T EHKIT 88 Hz L KXz RLIZ &
M5 anti R ERE LT,

c), d) l (89% in two steps)

TIPSO o Me y=83Hz

‘) OMe a), b)
(85% in two steps)

0]

anti-3d

a) TBAF, THF, rt. b) cat. TEMPO, cat. nBuyNI, NCS, pH 8.6, CH,ClI,/H,0, rt.
c) cat. TPAP, NMO, CH,CIl,/CH5CN, 4A MS, rt. d) L-Selectride®, THF, 78 °C.

Scheme 24. Conversion of 2d into known lactones syn and anti-3d.
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B =T A®RING [2,3]-Wittig BR07 SO O R

WU o TR [2,3]-Wittig BRGSO O G R

REENLAAFE T COZF o F AR [2,3]-Wittig 507 S DRRF 21T - 72,

9. b EHE L L, AFEMN & LTHFIAEALXH YU UENLT- L1 [(S,S)-box-
tBu] & MW Tz R A4 st L7 (Table 5), THF H1, 54 &® L1 f#7E T tBuLi % 10 24
BEH S5 &, [23]H5001KDY 35% DIERTRHR LN, TENHIEFTEIRTH-T-
(entry 1), L2>L. FFEWMEEEED Lo HC LLAFE(E F tBuLi Z#1FH S5 &, (1R,29)-
2b 73 96% ee L\ mNWT S U FABIRMETH LN (entry 2), S HIZ, ~F 0 L
ZHW5D &L (1IR,25)-2b 73 98% ee & mV ) U F A HIRMETH L7 (entry 3), V=
T FABRRED G DNz entry 2, 3 Tld, % 1 ED Table 3 OfERNOLTFHISNTZL D
2, REFBL 23U L tBuLi 2MEMEL ST B R UL D U F A iz < [2,3]-45
NS EIT LIz 0 L Bbd, T72bb, RFEANL A tBuli IZENLT 5 2 LTk
D, FEMMEREER CRWESAIRIBICH D tBuLi OREGEME, X5 F U L—RHBFR
TREEDODMERE LT =4 R RSN TICLH TR e F AR EIT LD &
Bbohvs, ZoZ &id, RN G 4&) ISH L CGREIO tBuLi (10 4 &) BF7EL
TWAICHBEDL LT F U FARIENIEF IZE N E D b EMFT O D,

Zo ko, REERAM &2 AWz v F AR [2,3]-Wittig #5075 2BV T
INETHREDOTF U FAERME L ERE DR T EEERT U — A A F Lz —T )1
HAEHWT, 98% ee EW ) IEFICE W T U F A @R TRICEZEITSIES Z LTk
L7,

Table 5. Solvent effect on asymmetric [2,3]-Wittig rearrangement.

Me_ Me

OTXYO

/ \

}w NZ Me
tBu

TIPSO TIPSO
L1 (5 equiv.)
M
o, fBuli (10 equiv) Mar

O/\ S

o solvent, =78 °C, 2 h » HO
(1R,2S)-2b
Ar = 4-methoxyphenyl
entry solvent yield of 2b [%]  ee [%]?!
1 THF 35 0
2 toluene 34 96
3 hexane 34 98

[a] Determined by chiral HPLC analysis.
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RIZ, lazHE & L, Scheme 25 (Z7” B/ & Figf L 72 (Table 6), lalZ~FH
L1 777 F tBuLi Z/EAH &85 &, (1R,2S)-2a 7% 98% ee & T > F A RIRAIND 71%
EEINETHE LN (entry 2), L2>L. BEL 1% (-)-sparteine (228595 & HAAL S 1
T8, SN2 RISIZE D -7 F VRN ER LT 8a BRIET DR E o7 (entry 1),
BENT, FTALERFFH YU VEN L2-L5 [Z DWW TR L7z, R EHILEZ 1 V7
L L L2 T, LL RSO F U FABRPRMEZ IR LIohd, BRI & IR
BN DI R DD BIRAE L YBECTX 2o 72 (entry 3), £7-. RIEHILZ 7 = = L J
L7230, RREATF AL Uiz Lb A2 L. 8a MEAMY L 722 0 Eis(iIKIZSG S
Nipdyo 7= (entries 4 and 6), £7-, REEHILEZ = FLELL LZ LA ZH WD & 73%DIY
FT (1IR2S)-2a NFHILH M, = U F AR 46% ee [ZIK T L7 (entry 5), Zi#L
LOFERELY | L1 AR ARFRM & LTHWSZ & LT,

R RS o 5 5
R2 () O R2 L1: (R'=tBu, R“=H, R°= Me)
&l \ L2: (R" = iPr, R?=H, R®= Me)

2
R® >N N/ R L3: (R'=Ph, R2= H, R®= Me)
R! R L4: (R'=tBu, R?=H, R®=Et)
(-)-sparteine (S,S)-bis(oxazoline) (L1-L5)  L5: (R"=tBu, R* = R®= Me)

Scheme 25. External chiral ligands (ECLS).

Table 6. Effect of ECLs on the enantioselective [2,3]-Wittig rearrangement.

TIPSO ECLs (5equiv) TIPSO Me tBu
_Z:\ tBuLi (10 equiv.) \
Me hexane, =78 °C, 2 h Me
~~Ph > S *

o) HO' Ph O/\ Ph
1a (1R,2S)-2a 8a
entry ECLs yield of 2a [%] ee[%]® yield of 8a [%]
1 (-)-sparteine 0 - 56
2 L1: (R"=tBu, R?=H, R3= Me) 71 98 -
3 L2: (R"=jPr, R%=H, R%= Me) 75! 99 -
4 L3: (R'=Ph, R?=H, R3= Me) 0 - 51
5 L4: (R"=tBu, R?=H, R®= Et) 73 46 -
6 L5: (R'=tBu, R? = R%®= Me) 0 - 73

[a] Determined by chiral HPLC analysis. [b] Containing a small amount of by-product.
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NN —T )b la D[2,3]-Wittig AL SON TN T, ANEBRNLF L1 235 [ &ITH L
T tBuLi 7% 10 L& LBERITAFEL THWDIZHED LT, 98% ee & m T T F A4 5R
HEEHTND, ZOZ G, REBMNFHENA L THZRWNWT XL F 7 A1E[2,3]-
Wittig B0 SOGITEI G L TWRWNW D AR S L, AFERNF A EITHEL Th &
WG U F AL R o TR DN/ O D Z ENHIFRFT& 5,

fib & D AR F B & VT2 [2,3]-Wittig 507 SUS ORRFHZ DWW TIE Kimachi 536 XY
Nakai & O#EEINEH 5, Kimachi 51X, (-)-sparteine % 2.2 {4 &MV T, 60% ee THE[L
REH/BTOIERFITBN T, REENMN 7% 0.2 Y =IO LTH 48% ee L HHREET S
VT ATRPENMRE NI Z & S LTS (Scheme 26) ¥,

— _ OH
\ (—)-spartelne . ligand yield ee
o) nBuli (2.2 equiv.) N [equiv.] [%] [%]
NEt,  pentane, —95 °C NEt, 2.2 83 60

o) o) 0.2 44 48

Scheme 26. Kimachi’s report. *®

Nakai 1%, (S,S)-box fFAEF7 U LRy Lo —TF LD[2,3]-Wittig #5757t 2 #iat L
TS, YT — T VP CIEIAREENL A 0.2 YUEIHEE L TH = F AR
REFENLF % 2 Y6 & [F U 34% ee 7=~ L7-, (Scheme 27) *, & 5|2 Nakai &1,
[2,3]-Wittig HA7 S O R FENL TR IC DWW TRO X H ITBER L TWDH, =—TF b
HC 2 i fafa Uiz tBuli X, FEF TIIEREE U THEIEEL 220V, AEENL T2
tBuLi (ZEN. L7 AR E 72> XU T L L TERT 27290, RAEEN T &
LCHTF U FABPMERNR TN T DD TN EBER LTV D,

0,0 solvent ligand diastereo- ee

}N N% Me [equiv.] selectivities [%]

— P iPr Zh Et,0 20  88%syn 34
Me _tBuli - , 02  89%syn 34
0" Ph solvent, =78 °C HOY “Ph hexane 2.0 89% syn 35
syn 0.2 87% syn 23

pl | 3
o >Ph tBuLi/ Ln Lo “ph
tBu—Li
Ln + (tBuLi),

__ - “Me
{ “Me [2,3]-Wittig /\L Et_Et
/]\ n)gﬁ

- (o] O
o [°Ph I}io\ Ph }N Y
iPr
T In Ln iPr
Ln

Scheme 27. Nakai’s report. *
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F 7o, AR Tl AY, Honda ©1d Scheme 16 (Z/R L7 X D WZEBRIRZ V7 U b —
7 VD [2,3]-Wittig $A07 ST IV T, (S,9)-box 7% 1.5 Y &K L tBuLi # 6.6 H& &,
WA RKIBFNCFHNTZSRAET 93% ee &9 @ F o F A8 RUWME T2, 3]- 450 R & 15 T
WB I R URERIZ 19%IC & EE o TS,

Z DL D ITARFENL T EEEERZTAL L 72V oy ORI 7 7 ks ABIZBE 58,
TS T ARFEDK T2 726 X7V EXNRB IS G, EEIC RO R AL
+F[2,3]-Wittig B5A7 S 21TV, T T o F A RIRVEN G D= FlE A2 o 7=,

ZFITEHIT, oo FAERMEE R LR U —T L 1la D[2,3]-Wittig #i5
AL IZFNT LL [(S,9)-box-tBu] DiiE et L7z (Table 7). £3°. L1 % 1 Y&
BLEEZA, SUBMARLED LT 98% ee & EmV ) FAERET (1R,25)-2a 73
T1% DR TH LT (entry 2), & 5T L1 ZfEEICEE TS &, IWEROEKTFNRAS
T, ARFEAL T 0.1-05 HEIZBWTH 96-99% ee & @\ o) FAERMEEZ RS
ZEMHBMNE o7 (entries 3-6), F7o. L1 A 0.1 M EICHE LEE. Sv £ 8a
2 5% LAV TWeed, WD tBuli ZE L72E 2 A, 8a DORIAENHIHI S 4,
(1R,2S)-2a DILRIL 23%7 5 40% % Tl b L7= (entries 5 and 6), £7-. L1 IEFETFT
tBuLi Z/Ef &85 & 2a 135647, 8a 2 42%DILRTARK L. 1la 2% 42% DI R TlH]
WSz (entry 7). DX DT, ~F Vi lall L1 HAF/E T CTBuLi #/FHEETH
[2,3]-Wittig #AAZ SO ITEIT L7222 & ZfifEid L=,

LD XSz, RERM A% 01 YEE THEL TS 98% ee & WO IEFITEHNTT
F ARIRME T[2,3]-Wittig B0 S G HEIT S5 2 LN TE T,

Table 7. Catalytic loading of the bis(oxazoline) L1 for the rearrangement of la.

TIPSO L1: (S,S)-box-tBu TIPSO Me tBu
— tBuLi ~
he hexane, -78 °C, 2 h - >_\ Me
0~ Ph ho'o N 0~ "Ph
1a (1R,2S)-2a 8a
entry L1 [equiv.] tBuLi[equiv.]  vyield of 2a[%]  ee [%]?
1 5 10 65 98
2 1 10 71 98
3 0.5 10 52 99
4 0.2 10 45 98
5 0.1 10 23! 98
6 0.1 3 400l 96
7 - 10 ol -

[a] Determined by chiral HPLC analysis. [b] A 25% of 8a was produced.
[c] A 19% of 8a was produced. [d] A 42% of 8a was produced, and a
42% of 1a was recovered.
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9O ERIEE OB

AREOSDOEMFIAZ T~ 2720, £T7 V) — VIEOBEHILLN R 2 M L7z (Table 8),
~F Yo 5 EO LL FEF, 10 Y&ED tBuki 27 U — /A F o —T7 )b la-i IZME
ASEER, A DR VEOBMRAY — L RmF o F AR 525 2 &2
SANCIR ST, 7 ==K la R 44 R ST 2 =LIK 1b THE 98% ee &N
BIRPEZR L7 (entries1and 2), F7o, AFNLIZA B RN EHR LCIE 1c,e f, i 12
BWTH, 85-95% ee & FLEI R\ ERME THEAALIA35 H 7 (entries 3, 5, 6 and 9), =
FUTKE L, AL ME~A | % S S L= JE0T 1d, g, h T 17-42% ee &% DM
L7 (entries 4, 7 and 8),

Table 8. Enantioselective [2,3]-Wittig rearrangement of benzylic ethers la-i.

TIPSO L1: (S,S)-box-tBu (5 equiv.) TIPSO \\Me
‘Z:\ tBuLi (10 equiv.) >—\
Me hexane, —78 °C, 2 h
> ~ SAr

0" DAr HO
1a-i (1R,28)-2a—i
entry  substrate Ar product yield [%] ee [%]@
1 1a phenyl 2a 65 98
2 1b 4-methoxyphenyl 2b 34 98
3 1c 3-methoxyphenyl 2c 75 95
4 1d 2-methoxyphenyl 2d 24 42
5 1e 3,4-dimethoxyphenyl 2e 32 87
6 1f 3,5-dimethoxyphenyl 2f 72 85
7 19 2,3-dimethoxyphenyl 29 58 17
8 1h 2,5-dimethoxyphenyl 2h 58 22
9 1i 3,4,5-trimethoxyphenyl 2i 76 85

[a] Determined by chiral HPLC analysis.

IV MLOBEHRIES TN OWTHRFTE720, A X VEOMEL ATF L AZEBRL
T FNVEBIO 7 o= VENRER L REZ A L, L1 7 PG E1T - 72
(Table 9), ZDFER, =F LI EH L7-FE 1k TiX, 1c OFEER & I1TXRIYIZ 99% ee
EWVOIEFIZE NS U FARINEDRE O DL (entry 2), F7z, 7= = LHENER L
72 UIZEBNTEH 92% ee &) EW =T U F A RPMECTRISHET L7 (entry 3), ZD
FERLY . A MI~D A MFUEE AL D= U FARRMEOK T, SRR EIC
BERTLOTIHRNZ RSN ERoT, JRRITENTIIZRW, AL MLO A %
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VEN. KISHEERTHALY F T LHNVRT =F DU F 7 A~FUSL L. F T H LR
T=F DRIV REE L THWDDO TR W EHEHI L TV 5,

Table 9. Effect of the ortho-substituent on the enantioselective
[2,3]-Wittig rearrangement.

TIPSO TIPSO
— R L1: (S,S)-box-tBu (5 equiv.)
Me tBuLi (10 equiv.) \
o/\© hexane, =78 °C, 2 h - S
1d, k, | (1R,2S)-2d, k, |

entry  substrate R product yield [%] ee [%]@
1 1d methoxy 2d 24 42
2 1k ethyl 2k 69 99
3 1l phenyl 21 82 92

[a] Determined by chiral HPLC analysis.

VT, la OEMEMERTH D 1j 12OV TR Z1T -7 (Scheme 28), 1j 75 11%D
IV T anti 74 2j 38 L 9% DI T syn & 2a 2 FHF4 39% ee, 10% ee DT F L FF
BIPETHEZ, 20 L9212, 2K 1 TIXE K la ITH_XTRISHENRELS, a6t U7
AT UAERRYE, = o F AR ROEREZ R Lz, 2B, B b7z 2) offaxtd
BB X ZHOTZEEORIE & RIS T OJRERNZ DUV TR 532 L TuZeny,

TIPSO Me _ TIPSO Me TIPSO Me
_ L1: (S,S)-box-tBu (1 equiv.) >
tBuLi (10 equiv.) +
hexane, =78 °C, 2 h S s

s ~Ph < Ph
0" Ph > HO HO
1j (Z isomer of 1a) 2j (anti isomer of 2a) (1R,25)-2a
(11%, 39% ee) (9%, 10% ee)
( the absolute configuration>
was unknown

Scheme 28. Enantioselective [2,3]-Wittig rearrangement of 1j.
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HHEIZEODNT T U FABIRENGONTEEELORR L ZNETOHERRT Y —L
AFNT—T VEHCTOEN S DOWEZ T 5 & KR, WEOBEIZKE RENDN
RWZEh, FEEOLOMWEEIT 2 ficEmOEREEZF LT W, oz &
W U FABIRMEDO KN > TV DO TIE RV EE X HWH 2 (OB
IZOWTCHHA L7z (Table 10), 7 U L7 /L a— L OfR#ERE%E TIPS Jv5 TBS £icftx
72 1m 205 &, = U F AR 91% ee &EOIK T L, ICGRIT 18%I2 8 L7z
entry 3), 7 UNATILa—LEEIBITEOD/NSWN, AFLVETHEELZ In 2Hnbs Lz
T F A EIREIL 29% ee & RIRICIRT L, ICERIZ 11%E 72> 72 (entry 4), S H I, 247
DEBILE A TFNVHANEET S5 L, =7 F AL 63% ee Z/7 L (entry 5), f&
EHATIL38%ee &, TNETOREHEHEVEDLRNVEREZ/RLTZ (entry 6),

L EDOFER LY | ARFEMS T, BEO 2 fiimmWEREL AT 5 L0 )k
1EEORED, B FAERNCOE DN ET T2 EERELZ THDLZ NP LN E
mole, B, FEMLEEREII A TH D,

Table 10. Effect of the C2-substituent on the enantioselective [2,3]-Wittig rearrangement.

R R Me
o)— L1: (S,S)-box-tBu (1 equiv.) N
Me tBuLi oh
1 hexane, =78 °C, 2 h N
0" Ph > HO
1a, m—p (1R,2S8)-2a, m—p
entry  substrate R tBuLi[equiv.] product vyield [%] ee [%]®

1 1a CH,OTIPS 10 2a 71 98
2 1a CH,OTIPS 6 2a 64 98
3 1m CH,OTBS 6 2m 18 91
4 1n CH,OMe 6 2n 11 29
5 10 Me 6 20 76 63
6 1p H 10 2p 63 38

[a] Determined by chiral HPLC analysis.

7R 3) Nakai HIZ & 2 2 (HICEHILAZ A L CTRWT U AR Do —T VIE TOWEN %2,
Wl LCa#ET s P,

O (@)
}mj (1.5 equiv.)
— iPY “ipr Me
{ ‘ tBuLi (1.5 equiv.) N
Me
o >Ph hexane, -78 °C - //—:\\*\Ph
HO
(92% 2)
89% syn
(40% ee)
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RFEA RN LV ESNTRET VAT L a—L 2 Ol TR D H1E TR L
2o 2b-d ZZFNTH (+)- BEI (O)-MTPA = AT /L~ L FHEE L, kB Mosher {12 XV
(IR,2S) LB L7= ¥ X512, (1R,25)-2i (85% ee) % 2 Bip CAREIFN y-F 7 b o ~25
% . Wilkinson 3 70I2 K 0 #axHELE ASBERIO (3R4S,5R)-91 ~ L B L7z, T OREE,
HEHESEEE X [o]% +67.3 (¢ 0.34, CHCly) &7k L, SCHAE 20 [o]% +57.1 (¢ 0.2, CHCly) &4
SR —E L7- (Scheme 29), 72%. (3R,4S,5R)-9i |%. 3-epi-eupomatilone 6 &Rk R4
THY ., FLEMORRAE R E ER LT 2,

TIPSO Me Me, ~ Me
OMe E o OMe
HO\\\ M» 0o —®  3-epi-eupomatilone 6
OMe OMe
(1R,2S)-2i OMe (3R,4S,5R)-9i OMe

a) TBAF, THF, rt. b) cat. TEMPO, cat. nBuyNI, NCS, pH 8.6, CH,Cl»/H,0, rt.
c) H,, cat. Rh(PPh3)sCl, toluene, rt.

Scheme 29. Conversion of (1R,2S)-2i into a known lactone.
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PN S S S AR S

ARz F o FAERE [2,3]-Wittig 502 NE, TV RT =4 OERNEE L,
1) = FF RN T 0 N ALIC LD AREHBERERE. HDOW0IT, 2) BRI
7 kAL O, BIREERN S E H D WDIZEIET ) PR 0 N K A AR AR LY
EITLTWEbDEEZLNDS O,

[2,3]-Wittig #5AZFS TN AR THIT T2 Z LN b TS D (S,S)-box-tBu
L1 ZHWT 12056 (IR2S)-2 WEAMME L THEONAIARM#EE LT, £9—o
IZ, pro-S 7' v b (Hs) OERIZRILT v b oAb, SARKERT [2,3]-4a0 SO 3 ST
T HHEENE 2 5D (Scheme 30), F7o, FEBIRZRBL T 1 h I AMLRICAFFBE I N
LHEE L LT, Scheme 30 127”9, Mi7'm M ALBRICAERT DU FAIE A BLO A
DIFEHAEZEHE L HEEFRAIIZ A DD OEENLEUGAMESE L - IR ESGR Y 0 E, B LT A
& A RITONVHREITFZENT A IR D720, A S OERNLEOGAME S L 7= BB 52
I FINE Z BD,

deprotonation TIPSO _ TIPSO Me TIPSO Me
of pro-S proton k, Me k' HY \

— H, _LiLl—> —
(Hs) A L R

1PSO O™ SAr inversion LiO\\;_| Ar Ho' AT
— base/ (1R,25)-2
Me L1 k21| k12 major
Hr/,. uHs
O/<Ar _________________ .
1 TIPSO TIPSO Me ' TIPSO Me
k - K’ o !
deprotonation _2> L1- Li/,MeH 2,>§\ Ry -
of pro-R proton A O/<Ar inversion | j0 g Ar IR Ho! ")
(Hg) (1S,2R)-2
minor
1. Enantioselective deprotonation k>>k, (inv.)
2. Dynamic kinetic resolution ko1 = kqp k'4>>k'5 (inv.)
or Dynamic thermodynamic resolution k,; >> k¢, (inv.)

Scheme 30. Possible mechanism of asymmetric induction.

FClz, Nakai & ®9 % Kimachi 5 % |2 ko> Tz o ro—F VO F
F AN [2,3]-Wittig AL SUS O IX, BEEONDfiE2E ) BAFRLLTET &
AR AW OSBRI AR N RIS HEEIC L D . @Rl 72 oAb Th D &
WE I TWD (Scheme 31), T 726, HEGmILERNN 7 2 b AbHEEIZ LY
[2,3]-Wittig #EAZSUEAEIT L TV D360, &/ BARFEEE (T8 IK) 2HWD &,
SO FERNAZNFIZ L OB T 7 B ALOBPUENME T T 2720, FEEAFRLILE %2 H
WERRIZ AR T o FARRENME T 95, RBROMBR, 2, \EARELEE %
HWTRISZAT 9 L EARFEDIR S T2 [23]- MR ERR L, E D) o F A S U3 IEE
KRFACHE Z VTR R TIR T LTS Z I L7,
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L. O ToREE Tl T B I 0@EAZBEERN AV TWESZD, EH5
DOF v O XHREXDBEIRITITON TWANE TIEHA L E STV, F7-,
I BT T A ERIRMERN R O USSR T TOMFELE 72> TV D,

; 3b.c) Et
Nakai et al. OIIEt ‘O
Mo | } \Z Me
iPrBuli iPr / \R
o hexane, =78 °C HO\\‘ X=H: (40% ee)
- X X=D: (14% ee), [D] > 98%
Kimachi et al. 3¢
{ X CONEt, (-)-sparteine s CONEt,
nBulLi -
0] _OE o B X=H:(60% ee)
pentane, 95 °C_ HO'5 X =D : (35% ee), [D] > 98%

Scheme 31. Nakai and Kimachi’s report.

—7J57 ., Hoppe 5 %, (S,5)-box ZHNTU FA{L Lz O-R DAL R~— kD
RETFAI & ORISE, BB FRINFEIOME TH L Z L 2HE L T\% (Scheme 32),
B o1x, RETFAIE ORISR CTHET T2 2 ERHALNE RS TND ZOKIGE .,
NUDVNLE ) HARBCEE (T IER) AHOTHEELE, ZORER, EAKHFELLZ
KEEHND &, EABPES AR SINTZERYRIELN., ZTONE, =) F 4 RR
PRITIFEARFEEEE 2 W R & AR OR R 21872, 2o, BRORH 7 2 k1k
DOFEAECTld7e < BB R0 3 ENC K 0 SO HET LTV 5 & kst iT T s,

oft Et o—»I; X nBu3SnCl O X 'Sn(nBu),
O iPr JL : —78°C,2h iPr
} N NJ ) inversion N ©
o X e ior iPr
iPre JU P spuLi 1B I X = H : 88% (98% ee)
"NTTO toluene, =78 °C R =H:88% (98%
P }\© WL 25h,-78°C X =D : 87% (92% ee),
[D] > 95%
o> Li*X
, &
3 lPr\NJJ\O

| Li*= Li-bis(oxazoline)
iPr

Scheme 32. Hoppe’s report. "

Z I TCEHEEIT. AR o F AR [2,3]-Wittig 507 SG O AT 5 R & 1 5
T 5720, BRI T F U FAEREOE - T2HE 1la (Ar = Ph) O VAL E E
J ERFL LI ligig B R 2 O CRGEZITY 2L & LT, 78I 0E  HAHELE
BT T ) EAFCEEZHVD Z L2k, REIGSEIRKZ2B 7 2 k
NMEOBREETHIT L TWASEA, Ebbn7a Froj| X NRRMICIThbA TV
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. 7 DRI RE N ST R B T E A L, SBIT. FTARRUIAAIL
RT =7 ¥ DS LMDV TOMANESN D Z L bl L, £7-, =F
VT A BIRVEDME > - 72 Y 1d (Ar = 2-MeOCgH,) (2 2W T [RIERICHEE L T 1la TORE
BLWBT I EICEY . T TR R FORRIC SN TEES 52 & L,
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B NUUNMLE S BEKBET V= AT —T VD
S MR D B Rk

i'@x la BELW 1d O UNAE 2 EAFRIBIK la-d, 1d-d OESEEEMERIZLLT O
X 91ZA R L7z (Scheme 33, Table 11),
ﬁ%ﬁﬁ&m%z» (10a) # LiAID, Ti#ic L CYEAFE LT L a—/b 1la 15, fil T
TPAP/NMO fgfbic L v, EAFE(LT VT & R 12a ~EEH LT=, RO HFET2-A bF
FWAF L (10d) 26 12d Z A LT, EASE ﬂ:f\/?<7/1/7t % (12a) 13/
m LRI, BIFRL T2 51T CBS Mordkft 2% 1Tt 2 &2k v, (5)- B &
[6) (R) -13a-d & F 1 94% ee, 93% ee DT T A BIRVE T2 (entries 1 and 2),
—J. 2-A FF¥ VT ==K 12d & CBS EILHMITAT & =) o F AEIRMEIE 82%
e (ICIETF L7 (entry 3), = Z T, Takaya 5 2 @ BINAP-Ru (I1) EEEE Ml & L 7-42
ﬁE7k??ﬂ:7&uitz77k7‘_o %513 11 KRJETEAMUKFELEZIT> TVDER, 4 RIETHRH L E Z
Ay BOSMEIME T L, = F o FA@IRMEIL 78% ee (2& EE -7 (entry 4), & Z T
ERETLIEE A AZ 7 —/VORINT L0 ISR NRE]—FR &) =) o F @Rk
73 87% ee (21 £ L7z (entry 5), =512, 12d 1% 12a G:H:f\“f‘/ U 1 7 Ak U Bl %
ETholled, LT VT REHWDHE, 90% ee D) FAEIRMET (S)-
BELWY (R)-13d-d #1525 Z E N TE 7= (entries 6 and 7), Hi\ T, FARFBIL Iz 4D
7L m—L (S)-13a-d, (S)-13d-d, (R)-13a-d, (R)-13d-d %. %4124 THF H tBuOK % i\
TT7INATEIR 6 ERIGSE, XUV F T AREAKRRZRZEAN LT [2,3]-Wittig
HEN UG DI (S)-1a-d, (S)-1d-d, (R)-1a-d, (R)-1d-d &Rk L7z, 728, JHEM R
VT v a— b 13a-d B LN 13d-d D) F A —i@m L, Mosher = A7 /LT H
#%. H-NMR 2227 R OFESE L Y KD 7=,

j’\ a) N D><D b) j\
RO™ MAr © HO” Ar D~ MAr
10a (Ar = Ph, R = Et) 11a 96% 12a (Ar = Ph)
10d (Ar = 2-MeOCgHy4, R = Me) 11d 85% 12d (Ar = 2-MeOCgHy)
TIPSO
Asymmetric reduction —
H, D Me
(Table 11) - c) H,V&D
HO (S) Ar (0] (S)Ar

(+)-(S)-13a-d 94% ee (S)-1a-d 77%
(+)-(S)-13d-d 90% ee (S)-1d-d 67%

TIPSO
D/’/, H C) _ Me H
HO(R)Ar D’/< Conditions:
O(RYA" ) LiAID,, THF, 0 °C
(“)-(R)-13a-d 93% ee (R)1a-d 77%  b)cat. TPAP, NMO, 4A MS, CH,Cls, rt
(-)-(R)-13d-d 90% ee (R)-1d-d 69% c) allyl bromide 6, tBuOK, THF, rt.

Scheme 33. Preparation of deuterated enantiomers of arylmethyl ethers.
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Table 11. Asymmetric reduction of aldehydes 12a and 12d.

entry aldehyde conditions product yield ee
[%][a] [%][b]
1lc] 12a (R)-2-Me-CBS (0.3 equiv.), (S)-13a-d 68 94

catecholborane (2.0 equiv.),
toluene—methylcyclohexane—CH,Cl, (2:2:1), —78 °C

2lc] 12a (S)-2-Me-CBS (0.3 equiv.), (R)-13a-d 66 93
catecholborane (2.0 equiv.),
toluene—methylcyclohexane—-CH,Cl, (2:2:1), —78 °C

3lc] 12d  (R)-2-Me-CBS (0.3 equiv.), (5)-13d-d 52 82
catecholborane (2.0 equiv.),
toluene—methylcyclohexane—CH,Cl, (2:2:1), =78 °C

4l 12d  (R)-Ru(OAc)y(binap) (2.4 mol%), H, (0.3-0.4 MPa),  (S)-13d-d 51 78
THF, 0.2 N HCI (6 mol%), 20-30 °C

5l 12d  (R)-Ru(OAc),(binap) (3 mol%), H, (0.4 MPa), (S)13d-d 59 87
THF-MeOH (4:1), 0.2 N HCI (15 mol%), 25 °C

gldl  12d  (R)-Ru(OAc)y(binap) (3 mol%), H, (0.4 MPa), (S)}13d-d 85 90
THF-MeOH (4:1), 0.2 N HCI (15 mol%), 25 °C

7 12d  (S)-Ru(OAc),(binap) (3 mol%), Hy (0.4 MPa), (R)-13d-d 83 90

THF-MeOH (4:1), 0.2 N HCI (15 mol%), 25 °C

[a] Yield from alcohol 11a or 11d in 2 steps. [b] Determined by "H NMR spectroscopy after conversion
to Mosher esters. [c] Crude aldehyde was used. [d] Purified aldehyde was used.
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HAEMERE ) EARFIER L DT 3 — /L OREBLE TR O L 9 IZHRE LT,

F7. 13a-d OHEEMERIT, SCUBRE O Fehe Y6 & el U, (S)-13a-d {[o]5 +1.37 (c
0.57, CHCl); lit.? [a]® +1.4 (c 3.0, CHCly)} B X (R)-13a-d {[a]% —1.35 (c 0.57, CHCly);
1it.?? [o]® —1.4 (¢ 3.0, CHCly)} Z s L7=,

—J7. 22-A FFR VT = =0k 13d-d I FAEECE &R E OB AN TH o 72, HF
7R o-F /) BEAKFE(LR VLT L a— L OEkiEdE %, Noyori © 2Y <o Faller 5 %
T (S)- BEY R-KOT/LVa— % (R-MTPA AT IIA~LFHFEL KT AT LA
=D UIALD H NMR LS 7 MEZ ik Ui g LT g 59 £ 7~ Takeuchi
5 O I IAEN R o-F ) BAREMSN DA T L a— L% (S)- BLD (R)-CFTA =25
VTR L, RUVANLD TH BEON2H NMR DALY 7 MEDZED B #aseHBd B 2N 6
LD EEWELTND WY,

JEIVE 4) Noyori & 9 % Faller & 2 (% (S)- BL W R)-IKD a-F / FHARFELAR S OLT L m—1
% (R)-MTPA = A F /L ~LFFE L, RPN 'H-NMR DLy 7 MEA BT 5 &, (S)-T /L
I— A NHFHEE LZ(R)-MTPA = AT NV DILFy 7 M BEBESGANC S DEmNRH 5 Z b,
KB E 2 RO TV 5,

JEIVE 5) Takeuchi & ) | 3E2ATEME R a-F / FARFEER U UL T A3 —1 % (R)- BLU (S)-CFTA
TRAF BT D L (S)-T A aA— DA, XU H OILFES 7 MEDFEIZIE (Ady =
88 > 0). 2H DALFT 7 MEDFEITA (Adp < 0) DA T Z & &2WME LTS, ZOfHIE
CFTA = A7 /LX FIX® Newman &“,%EUC/%?“JE N, o fEAKFEN T v 3R EEHIR HRE & EAKFHR
INT v 3L IR HEEDOEHERIEICH Y . XU DALA S BLEDO KT, (S)-CFTA =27 /LT *H
23, (R)-CFTA 317\711/‘(“@/\/‘//1/&0) "H 38T b U VRIS K Bl R ST T B 72 & i
LTW5, 7272 L, CFTA OIGANTTHIRESNTHE 6T, 7EID CFTA = A7 /L% Y /X—ET
HEIT 270 UCORAEIR 2152 BN b7 2,

H, D

CFTA-O'g A8y = 85— 8g > 0 AlsS
X Abp=85—8<0 CFTA ester plane

(S)-CFTA ester of
(S)-d,-benzyl alcohol

X=H, CH3, OCHj3, CF3, Br

shielding Me sh|eld|ng
Me
s A\ig@ Q;g % " %
Ar
(S)-CFTA ester of (S)-d,-benzyl alcohol (R)- CFTA ester of (S)-d,-benzyl a'°°h°'
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EHIL, ABKTECE D BEE O 13a-d 36 K OMERTELE 23 E L CTURVy 13d-d ol $ 5 S
PR Z (R)- BRW (S)-MTPA =X T L~ EEHE, MY T AT LA~ —0DN2 DAL
D H BEVPH NMR O 7 MEDZEZFEAEY . BEA{bEH 13a-d TORER L I
2 L 13d-d OffaxtfdiE 4 )7 )® L7z (Scheme 34, Table 12),

(S)-13a-d @ (S)-MTPA T AF LD DL 1H OIS 7 MEAE (R)-MTPA = A
TADREEZZLFIK &, IEOfEE /R LT (Ady = 8s=0g = +0.05 > 0), —J57. *H Dby
7 MEDOZEIZADEZ /R LTz (Adp = 8s—0r = —0.04 < 0), #(Z, (R)-13a-d ® MTPA = X
FILTIE, Ady 1ZB (Ady =-0.05), Adp IEIE (ASp = +0.04) Dz 7 L7z,

Z OMEFNZHEN . RFIETIZBUWV T (R)-2-Me-CBS ¥z HW\WCE b7 ra—u
(Table 11, entry 3). B L', (R)-Ru(OAc)y(binap) % MW T B 727 /L 2—/ L (entries
4-6) % (S)-13d-d (A8 = +0.07, Adp =—0.06) &JF/E L7=, % LT, (S)-Ru(OAc),(binap) %
HnTHEon=T7/va— (entry 7) % (R)-13d-d (ASy = —0.07, Adp = + 0.06) &)@ L7z,
ZDJFIEIX, Takaya HNHEKF(LT LT B ROEAIE LIV T (R)-Ru(OAC),(binap)
D SIEKORU VLTI a—LaEHTND LN FER P BLO, 12a ® CBS &t Ok
FLFIFE LRV, &5HIT, Noyori 520 X Faller 5% DIFEL HFE LRV,

F70, HFEEEIT 7 = =LK 13a-d & RIS, (S)-13d-d TlEAhEM: {[o]Z +1.6 (c 3.14,
CHCly)}. (R)-13d-d Tix/ehiEtt {[o]? —1.6 (c 3.14, CHCly)} %% L7z,

OH ,D (o) H
HO>*<A idi o Z, O(s)Ar ~. OR)Ar
r pyridine, rt (S) PH OMe ) PR OMe
(S)- or (R)-13a-d (Ar = Ph) (R) OMe Ph (R) OMe Ph
(S)- or (R)-13d-d (Ar = 2-MeOCgHy,) MTPA ester of (S)-13-d  MTPA ester of (R)-13-d

Scheme 34. Conversion of (S)- and (R)-13-d into MTPA esters.

Table 12. Ady and Adp values for MTPA esters of (S)- and (R)-13-d.

benzyl alcohol Sy of benzylic proton dp Ad =065 —dg
(S)-MTPA (R)-MTPA  (S)-MTPA (R)-MTPA AdH Adp
ester ester ester ester
(S)-13a-d 5.35 5.30 5.33 5.37 +0.05 —-0.04
(R)>-13a-d 5.30 5.35 5.37 5.33 —-0.05 +0.04
(S)-13d-d 5.40 5.33 5.37 5.43 +0.07 —-0.06
(R)-13d-d 5.33 5.40 5.43 5.37 -0.07 +0.06
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72¥. BRD MTPA =27 LD H B L ?H NMR DLy 7 MEDZEMN, (S)-7 /v
T— /LTI Ay (S8s-8r) M IE, Adp WAEDEZRL, (R)-7/Va— /L TIEZE DO DOIEE
AT EVIRERITILLTO L HICHATE S, MTPA T AT L TlE—f%IC CFs J, B
=V BXO o O/ NEBILNERDEEEZ LD 2 ERMHBNTWD 2 Takeuchi
5 ® CFTA — X7 )L DELEE & [REIZWED . MTPA — 25 )L7% Scheme 35 ¢ Newman #%
MUTRT LT, o fKFEN CRy & HARDEE L, BHAKFEMN CFy & H 7 D ELEE D AR
ﬁfﬁ:&pé LEZLND, LoT, _RUPIIMIN S BEOHIX, (S)-MTPA = A7 /LT H

. (R-MTPA = AT VTR I NLD 'H I3 T = = VIR ORI & 52 1wk~
F LLDE@FS'Eﬁ Bohs L TE D,

hieldin shielding
Ar S 9
MeO Ph) MeO Ph PH OMe (I;;H OMe
D - Ar
|
H CF, D CF, D CF,
(S)-MTPA ester of (S)-13-d (R )-MTPA ester of (S)-13-d

Scheme 35. Possible conformations of (S)- and (R)-MTPA esters of (S)-13-d.
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5 H PO EE RN R D < R A i i D & 42
—IH mTr T AR R LT T ORET

—ETORFNCTET o F AR E2 R L2 HE 1la (Ar = Ph) O % Z )V EAKRFE(LIK
(R)- BLO (S)-1a-d ZHWT, #MLKIZ M L7z (Scheme 36), £7°. AARML1-IE
AAET T, (R)-la-d (T tBuLi Z/EH &E5 &, H ANERIICH 7 1 b Afb S8 X
¥ DAL DNEARELE DS R L 7 BEAE AR (1R,2S)-2a-d 23U SR 91%, 52% ee D=1 F A i
RMETHER LT, [FRRIZ, (S)-la-d 7»BHiE, BEAKRDFR D SRR L 72 HAAIK (1S,2R)-
2a-d ML 73%, 53% ee @I')“/?"Z]‘i%ﬁ?ﬁ'if‘iﬁi L7c, BB, ZHHDORINIZIBWT,
FEFEKFECHENAR DRI TIRIERD B o7, WIT, (S,8)-box L1 (1 4 &) fFEF T
IeE1T9 & (R)-1la-d 2B, §7k7%7b>1%%émtﬂzlwi% L 72850718 (1R,2S)-2a-d
28 97% ee EEWT S U F AR T 63% DOILRTELNZ, Zhicx L, (S)-la-d (2
BWCITEMRIEAME 52 DS & 7e o7,

TIPSO TIPSO \\Me
; D, Me Conditions _ >_\r©
dﬁt} > HO D
(R)-1a-d (1R,2S)-2a-d
Without (S,S)-box: (91%, 52% ee)
With (S,S)-box L1: (63%, 97% ee)
TIPSO TIPSO Me
; H,,Me D Conditions o3
o/s<© > HO 5
(S)-1a-d (1S,2R)-2a-d
Without (S,S)-box: (73%, 53% ee)
With (S,S)-box L1: decomp.
Conditions:

Without (S,S)-box; tBuLi (10 equiv.),THF, =78 °C, 2 h.
With (S,S)-box L1; L1 (1 equiv.), tBuLi (10 equiv.), hexane, —78 °C, 2 h.

Scheme 36. Asymmetric [2,3]-Wittig rearrangement of (R)- and (S)-1a-d.

I 6) BE 25 70 SR B 3R [RIAT (5280 51 Hoppe B2 k> TH#EShTng 2,
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(S,5)-box L1 7EHET T, (R)-la-d 75 DHEAFEIMERF S NIEEA K (IR,25)-2a-d 73
97% ee & B T L FAEIRME TR L. (S)-1a-d 7> b IREEAr A IZIE LR Lo 7=
ZEMND . RIS TIE pro-S 7 u bR UFARIREICH S 1 hoAbE ., %
DMFEZEm < RFLIEEELARIEBE TEBMAEITL TS Z ERHLNE RS
(Scheme 37), & 51T, RHFBNLF-IEGIE F TR T IR BOH LN b,
LLIZIEF IARUOAANART =40 D7 a2 SEEEZRZLT0ND 2 & HRg
STz,

Me_. Me

oj)ﬁ(o
TIPSO ! \ L1
=\ B }N NJ TIPSO Me
e u “tBu 3
, H .
Hg g 2 tBuLi, hexane |
o HO H

1a (1R,25)-2a
L1 (1 equiv.): (71%, 98% ee)
enantioselective TIPSO
deprotonation of — Me . - _stereo_—
pro-S proton (Hg) H, Y SLi-L1 inversion

O

Scheme 37. Proposed mechanism of enantioselective
[2,3]-Wittig rearrangement of 1a.
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B AR F AR R LTI TOMET

BB TOMPHIB W TR > FAEIRMELZ R L7 HE 1d (Ar = 2-MeOCgH,) 123
WTZF v FARIREME T T 2B IO T O R E B A=, T LEHKELEE
AW TCRERDEERZ1T > 7= (Scheme 38), AFABINLT-FETFAE F tBuLi Z/EH & ¥ 5 &
EWENAEI R Z R L, (R)-1d-d 7253, FAKFEZRE USRS L 72K (1R,2S)-
2d-d 73 69% DTG HILTEM, =T o F AN 33% ee &7e 0, la-d (Ar = Ph)
WIS EIT AT 20% ee (KN L7z, F72, S)-Hbld, SR L7 EHKFER
FRAALR (1S,2R)-2d-d 73 33% ee D= F A RIMET 67% DOULERTHRK L7z, &IZ,
(S,5)-box L1 (1 %4 &) {F1E FCRIGEAT S &, (R)-1d-d i, iR HR L 7= EARFELAR
(1R,28)-2d-d 7% 28% LGy, iz, =F U FAERMEIT 61% ee IZ& EE o7z,
L1 % 5 Y&E|ZHE L ThH, UK 24%, = F > F AN 61% ee &, KREIRE{LITAS
Nieinoie, M, (S)-1d-d ZHW25 & SEARKER U7z K FERFHEA A (1S,2R)-2d-d
DULFE 8% LT RN HAERL, = F FAERMEIT 17% ee THoTz, £z, U
Rz 5 YEMARFTIL, K)o F 43R (2% ee) T (1S,2R)-2d-d 7% 11% @
INHETH LN,

Me
TIPSO~ _ TIPSO~ Mey
OMe
D/,I,Vle H Conditions <
oR > HO D
(R)-1d-d (1R,2S)-2d-d

Without (S,S)-box: (69%, 33% ee)
With (S,S)-box L1 (1 equiv.): (28%, 61% ee)
L1 (5 equiv.): (24%, 61% ee)

Y

HO' =
D
(S)-1d-d (1S,2R)-2d-d

Without (S,S)-box: (67%, 33% ee)
With (S,S)-box L1 (1 equiv.): (8%, 17% ee)
L1 (5 equiv.): (11%, 2% ee)

TIPSO
—Z: on TIPSO Meome
Me e
be Conditions A
S

Conditions:
Without (S,S)-box; tBuLi (10 equiv.),THF, =78 °C, 2 h.
With (S,S)-box; L1, tBuLi (10 equiv.), hexane, —-78 °C, 2 h.

Scheme 38. Asymmetric [2,3]-Wittig rearrangement of (R)- and (S)-1d-d.
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ko X iz, RFENF LL FFE T T, (S)-1d-d 725 (1S,2R)-2d-d 7% 10% FJE ARk
L2 emb, 1d Tt 7==/MK la &t LT, Bi7'm h oAb =T o F A &R
METFTLTWAZ ENSMoTz, S5, L1 EFET T 1d-d & la-d OEEAL S O R
3o L, 1d-d TIEo o FARPFEDRK 200K F L72Z &b, AV MId A b
FUENE TRV INVART =4 DR EREL TWDHZEHLALMNE o7z,
AL OE & L Cid, Scheme 39 (Z/73 XL 912, FREICAEKT DX TR Y F I LD
IWART =F D OB NEIT T HH1IZ, A RS VEN Y F U L~OENLEZIT LT
BEA T DA AR L, HIART =F D A VLA HEIT LTS D TR D
EHERI L TV B,

PbEXY, 222 bR 1d TiE, =F 0 FABIRZRMET 0 b ALOBRIRPEDIK T,
BLO, ARTDHIFINARCUANIAVRT =F 0 OREMALIC LV | KARFINLSICE
WTCEmF U FAEPREPET L TWD LWV Z ERB L E 572 (Scheme 39),

Me. Me
O O
TIPSO ‘\1 '\L} L1
_ 3 TIPSO Me
g Me H tBu . tBu \
R/, S tBulLi, hexane o g
o) = HO H
MeO MeO
1d (1R,2S)-2d

L1 (1 equiv.): (23%, 49% ee)
| (5 equiv.): (24%, 42% ee)
ess

enantioselective _ S
deprotonation TIPSO
2 H,MeLi-L1
TIPSO L TIPSO
— L1 —
o Me ...oMe Me & ome
isomerization H, 4 _ Li

O (OS]

Scheme 39. Proposed mechanism of enantioselective
[2,3]-Wittig rearrangement of 1d.
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% — % Eupomatilone D ARFEEF~D It

Eupomatilone 1-7 1%, A — A ~Z U 7 EEOFE K Eupomatia bennettii 7>5 1991 4|Z
Carroll & Taylor I[Z L > CHBE(fSN/=®a ) 7T U@ d 2 ) 7 xR T, EEI
MEEREMMLINTZET IV —LVEBE2A L y-7Fu T2 b otEZz s> (Scheme 40) 2,
b D5 B eupomatilone 5-7 1, HERFR L EZ DR HEGOEHENHIR I D 720,
T hu TEEROEEME L THFEL TWD, FRRELZRSZI O ORERMIZ, il
BRDAE B Y7 anXHhUx ) VR 2 — L EREE, AR L TAEGHREND &
EZ 5 TW5 (Scheme 41) 9,

Me Me Me? Me
O;(()j . // O>
O
OMe

MeO O
MeO
OMe OMe OMe
eupomatilone 1 (R/R' = -CH,-) eupomatilone 3 eupomatilone 4
eupomatilone 2 (R = R'= CHy)

Me
23
O o~ OMe
<O OMe
(0]

eupomatilone 5 eupomatilone 6 eupomatilone 7

Scheme 40. Structures of eupomatilones 1-7.

Me, OH Me, Me
: o 4 0 2 ‘\\Me
Mer" o> Mt o> Oj(j o)
- o~
(o OMe ' HO) OMe MeO O J
MeO™ MeO (& HO O OMe

Scheme 41. Possible biosynthetic mechanism of eupomatilones.
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Eupomatilone 1-7 ® 9 &, HflZ. eupomatilone 1, 2, 5 IZEEND a-A T L -y-7F 1
F 7 bR, MENY R T DY AT A AAIEE (-CHSH) & Michael Uiz Z
U CHf RN 2 R IR 2 TE R LB MR R F R 2 RIE T2 2 &0, Miflas 7 F v
BRSO 5 2REB SN TV 5 Ikp kinase (IKK) <° nuclear factor-xB (NF-xB) Z =) & 4
HTERMBNTND 1,

WEOARMAEIE LT, o M3 L7 &L % ¢ > eupomatilone FHOAEIZES LTI
WL ODREFNH LD 0, 0-AFLry-TFrT s b oREEEH TS eupomatilone 1,
2,5 DEMRBNIRS T3 M, Eupomatilone 2, 5 ® 7 & I AkiT Kabalka & (2 & - T
EENTWS W #6513, 7V —ATATE IR LET VLA oy AR K
TERSH T syn KOFRET VAT Vv a—/L&45RK L, eupomatilone 2 38 LN 5 ~DZEH
%{T- 7= (Scheme 42),

0 0
’ OMe MeO
O — OMe
MeO O OMe  Br cat. PTSA
In, THF/H,O (1:1) OMe CH,CI
MeO OMe 2 - e 2222 5 eupomatilone 2
OMe

Scheme 42. Kabalka’s report. 1)

AHFARICET 2 & 1X Coleman HIZ L5, REMBIEEZFFOXIART VLR T
A3 W =B D AT, eupomatilone 2, 5 3B X OV 1 BZEILEHL 76, 74, 88% ee THHALT
AV (Scheme 43) M LU, eupomatilone 1 [ZBI L Tik, B TERWS T X5 LA

BAEME L THTEBY T 2I2IZE > T RN E N AL IRICHREEZE LT,

o]

H OMe
MeO O toluoene
COzMe + O OMeOMe E» eupomatilone 2
MeO (74%) (76% ee)

OMe

(e}
O?\ /\) H OMe  toluene
B O 75°C ,
CO,Me + — » eupomatilone 5
< O (65%) (74% ee)
Me

;fﬁ«;%

o Z > toluene o o)
5 85 °C . MeO .
CO,Me + O _~ 4 eupomatilone 1 + e
0,
MeO (30%) (88% ee) MeO” H 1

OMe inseparable 3:1 diastereomeric mixture

Scheme 43. Coleman’s report. *%
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EF X, eupomatilone IZRFEHI R mEICEE R LEINTZET UV —AVEKEFST Y
JVE—T KL, = T AN [2,3]-Wittig 0750 & A T E X, kT D
RETIVNAT VA= NNV A LT 4 G v-T 7 N ~OEBRPEZ AT A,
eupomatilone 1, 2, 5 D RF AN ERK TE D L& 2 7= (Scheme 44), F7-, B DK
BERHET Y= AFNZ=T VL 8wARD 7V 7KV ERLIZET U —/L A
FATNa—EeT I ATa I REYHT 52 L 25 HE LT,

Me TIPSO

. . Williamson Me
OR' enantioselective L
[2,3]-Wittig ether synthesis

OR2 rearrangement R°0

R5 : Suzuki
R® i coupling
eupomatilone 2 (R'= R?= R3= R*= Me, R%= OMe)
eupomatilone 5 (R'= R?= Me, R R*= -CH,-, R%= H)

eupomatilone 1 (R'/ R?= -CH,-, R3= R*= Me, R%= OMe)

Scheme 44. Synthetic plan for eupomatilones 1, 2, and 5.
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WCEREREREA LI T UV — L AF )L —T LB D

BNIRDIEE L7205, EEICBBERE LINT-ET V=L AFNL—T VIKE LT
DI ETEB L= (Scheme 45),

if Buchwald & 3V BB AD v 7V I ROSICE Y, BBEERER LI T
U — LB Hi@ﬁ/7)/7ﬁm%ﬁw\E7U~w}%w7W3~w%é%LkO#
imﬂi3A5%)fF%V7l%WﬁHV%(M)ijH%3A5bUfF%VNV
DNTa—) (15) Pz, 2 DR/ ST Y AFELET . (cHex) (Biphenyl)P 35 L T8
KsPOy ZEF S, F/Lbxm H180°C T 7 KBS DL, BT V=N AF AT a—
16 % 76% DOWRTHHZ, FEDOHIET, 34-AF L IVFX v 7 2=/ g (17)
ET7uRIRISDOH T TR 18 & 62% DILER TH7-, eupomatilone 1 O ET U —/L
R 27 V= ATF AT a—)L 21 X, Aarfig 14 77 La—1 19 &
DI TV TRISIZED 63% DILRTHONTZ, LirL, 7rET/La—/L 19 Off
A ThHhrH7oex 2T 20 2T Ra ViR 14 Eh 7Y U ITRIGEITS &
94% &EUIURRE T LT,

MeO B(OH OM OMe o
e (OH)2 14 a MeO Me
+ OMe —> o OMe
MeO Br OMe (76(:%) Me (71 A)) MeO O

OMe OMe MeO O OMe
14 15 MeO OMe
MeO 1q
TIPSO
0 B(OH), 'zﬁ
<O:©/ + 15 OMe OMe
(62% (84% o
17 OMe
TIPSO
R o> )
a)or
14+ Br/\©:o a) c) MeO
MeO

oM

© (63% from 19) Me (66% >
19 (R=CH,0OH) (83% from 20)
20 (R=COOEt) MeO

Conditions:

a) Pd(OAc),, (cHex),(biphenyl)P, K3sPOy, toluene, 80 °C; b) allyl bromide 6, tBuOK, THF, rt;
c) DIBALH, toluene, —78 °C.

Scheme 45. Preparation of biarylmethyl ethers 1g-s.
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FIT, 2014 DH 7V TN, = AT V% DAIBALH TELT5Z L2 X
D, E7Y =L RAFALTLa—L 21 & 2 T/ 83%DIRICKETHZ LN TE, =

AT IART A v 7V 714 21 ZWNEE GH RO FEM, Buchwald 512 L0 #iE &
LT 5 30,

HNT, Bon-eET Y — L AF LT a—)L 16, 18, 21 . FNFENT U LT I
N6 & THF 1 tBUOK Z W TS S, BROET U —L AF /1o —F )1 1q, 1r, 1s &

71%. 84%. 66% DIRTHFD Z ENTET,
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%5 " fi  Eupomatilone & K EIAIZISIT B =) o F AR
[2,3]-Wittig #4075 D Al

FP. EFAERE LT, Bt 7= T U 2OV CKISERF LT E 2 A,
(S,S)-box-tBu L1 (1 4 &) {F#{E F. ~FH# i, 78 °C TtBuLi (5 M4 &) #1EHZ®% &,
VR 95%, 92% ee D) FABIRMET (1R,25)-21 235 H 7=, A% eupomatilone
2 ODERTEETHD 1g ~@EHAT5 &, (IR29)-29 7% 92% L HINRTH LN, =
T F A EIREIL 68% ee 1T EFED LWV FER L7572 (Scheme 46),

Me_ Me
0M3
TIPSO _ §/N N 3 TIPSO
Me tBu . “tBu
o L1 (1 equiv.),
O tBulLi (5 equiv.)
O hexane, —78 °C, 2 h

(95%, 92% ee)

11

TIPSO
%Me OMe L1(1equiv.),

MeO © O tBuLi (5 equiv.)
O OMe hexane, —=78 °C, 2 h
oM »
MeO (92%, 68% ee)
MeO L e

1q (1R,2S5)-2q

®

Scheme 46. Model study of the key step.

Z 2T, 1q Z AW THERALSOS O it kb A a2 2 & & Lz,

F9. HEHT D2 AFBNLFIZ OV TR L7z (Table 13), ¥ 7 Vv ERAFH VY o~
YA RO R ERILE A Y 7o EVRICEZT L2 #HW5 & =) F AR 38%
ee (KT L7z (entry 2), £Z T, RREFELII R IEC, Lo SEWERIEZEA L
BONL - L4—6 ZAamt L7y, SO, SIRMELE HICKRE <IKF L7z (entries 3-5), L1 %
BV ReREERpo7720, 5lEHiE L1 2 W TRIEEZ R L7z,
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Table 13. Effect of chiral ligands on the enantioselective [2,3]-Wittig rearrangement.

TIPSO R2 o§>§R(o R2 TIPSO
~ e AR AR
OoMe R -

(0] “ .
MeO O R’ R!' (1equiv.)

OMe  tBuLi (5 equiv.) MeO
MeO OMe hexane, -78 °C, 2 h . MeO
MeO
19 (1R,25)-2q
entry bis(oxazoline) ligand yield [%] ee [%]@
1 L1: (R'=tBu, R?=H, R®= Me) 92 68
2 L2: (R"=iPr, R?=H, R®= Me) 72 38
3 L4: (R'=1tBu, R?=H, R®=Et) 43 12
4 L5: (R' = tBu, R?= R3= Me) 0 -
5 L6: (R'=iPr, R?=R3= Me) 38 22

[a] Determined by chiral HPLC analysis.

WIZ, HIEIZ W THEERMGT L= (Table 14), tBuLi 7> sBuLi<° nBuLi ~ZHF 4+ 25 & |
WRITET T2 b DD T o FAEIRMEDE AR S 7- (entries 2 and 3), nBuLi % ]
WTHUGKE# Z 4 RERIICIER SE 2 2 21Tk, IR 77% 1Zm kL, 77% ee DxF
YFAIEIRVET (IR,2S)-2q 155 Z L N TE 72 (entry 4),

Table 14. Effect of base on the enantioselective [2,3]-Wittig rearrangement.

TIPSO TIPSO
z:\Me ;
OMe L1: (S,S)-box-tBu (1 equiv.)

MeO © O base (5 equiv.)
° OMe hexane, 78 °C, 2 h . MeO
MeO OMe " MeO
MeO OMe
1q (1R,2S)-2q
entry base yield [%] ee [%]1@
1 tBuLi 92 68
2 sBuLi 50 71
3 nBulLi 46 77
4[b] nBuLi 77 77

[a] Determined by chiral HPLC analysis. [b] The reaction was
continued for 4 h.
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Z ZCHAE A nBuLi IZFEE L, WIEIZSWTRRET L7z (Table 15), &R TOW%SRE
WAEUETHIHNT ML U EIEELE LA 7o 2 A, IGIE 2 R C5Efs L, IX
FIX 92% 1IZm B L7z (entry 2), B2, ~FHU/m—T 0 (41) IR EFEHT 5 &
PR 98% 2\ EL7=diTinzx, =F » FARRYES 89% ee (2 L7z (entry 3),
— . BTV UMHF RICEE T 5 &0 JORITIEE A EETET, b PG on
THRNZIRIL 5% ee TH o7 (entry 4), F£7o. ~FHh U= —T VIRAEEO = —7 L OF|
HEHLL TV, = U TFAEIREIIRFEEND B OO, RIGHENMET L
(entries 3, 5 and 6), ZAIHDRFHT LV | REHELE S L TAFH o /=—T /L (41) RE
Wiz 3 2 L TE T,

Table 15. Effect of solvent on the enantioselective [2,3]-Wittig rearrangement.

TIPSO—Z_\ TIPSO
M
® ~_OMe L1:(S,S)-box-tBu (1 equiv.)

MeO © O nBuLi (5 equiv.) MeO
OMe solvent, =78 °C, 2 h O OMe
OMe >
MeO MeO
MeO OMe
1q (1R,2S)-2q
entry solvent yield [%] ee [%]@!
11b] hexane 77 77
2 hexane/toluene (4:1) 92 80
3 hexane/ether (4:1) 98 89
4 hexane/THF (4:1) 7 5
5 hexane/ether (1:1) 83 89
6 ether 26 87

[a] Determined by chiral HPLC analysis. [b] The reaction was
continued for 4 h.

RiEEGEEERHWCTEREE T U — L RE TN S & 5t L 72 (Table 16),
Eupomatilone 5 OERKHFMETH S Ir i@ L7z & 2 A, ISk %Z 2 FEff 5 4 K
IIERT 5 Z L2k, 91% ee D= F 2 FAEIRMET (1IR,25)-2r % 74% DILHETHE S
Z LM TE T2 (entry 2), WKRIZ. eupomatilone 1 DAEKTEIATH S 1s i@ H L=, =
OFE TIHISTEDRFID 2 DOFEEITHA~IEFITIKF L, nBuLi % 10 ¥ &FEH L TH.
MR OFEAEIR S iz, HEE% sBuLi <° tBuLi (CZ8F LT HIULR, BRI ES
NIphoTz, FMEMBTORR, FOGKM % 8 FEICAER L. nBuLi % 10 %4 &, £ L CH
FEMZI=% OO RO R R~ =T L (41) LebLHoFMTE 2L
IZ& 0, IEEE 54% (FEE 1s O EBE LT 77%) (28 L, (1R,25)-2r % 88% ee D
T UFAEIRMETEDL Z ENTE T (entry 3), — ., HifirE 7 = =/LK 11 ZHW
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TRUGEAITD &, T F U F A IRVEIL 90% ee /R T HOD, ILEN 19% (& EEHoT-
(entry 4),

INHLO/RREY, €7 U — VB EOMEE RPN SIS O EIT 2R L
eupomatilone OERLHFEIA 1g-s TiL, ZNFE TEY HFEMZ nBuLi HEEZ W TS
DTS2 Z ENEIH Lz, 2B, BTV —VER EOBBERELIC L SN TEE L &
OB ONWTITA LN E 7o TOZRY,

BoNT IV a— 2g-s DFMEEIL, 1ALE 2 DAF v Ta hrDh vy TV T
EBNHKI 3 Hz E/ANESWEEZRTZEND syn THDHZ L 2R LT, 72, H BXLO
BC NMR A7 hUZEWT, BT U —LBENOKER L ORES 7T 2 K35
BHIENDZ D 2r 137 ba 7B EEE L THFEEL TS Z ENHB L, 2B,
AR LTET V3 —)b 20-s OAERIELE 2 B Mosher JEIZ KX VW IRET 5 Z & Al RT3,
AS TEDOFHNAHAIE 720 . ZOBEETOHHREDIREIZTTE o7z ¥, Zof-
B, INFE TCOERBRICESEHAIEE L (IR2S) EHEE L, %I ERAY
N ZORERND (IR2S) LIRE LIz, F7-. BMAD ee XIXFT DT LEHN
72 HPLC 3 iz L 0 ikiE L7z,

Table 16. Effect of biaryl substituent on the enantioselective [2,3]-Wittig reaction.

TIPSO L1: (S,S)-box-tBu (1 equiv.) TIPSO Me
M nBuLi (5 equiv.) W)
©  hexanefether (4:1), -78 °C, 2 h \
o Ar > Ho 1A
19-s, | (1R,25)-29-s, |

entry  substrate product yield [%]  ee[%]@

Ar
55 OMe
1 1q MeOOMe 2q 98 89
MeO OMe

OMe

D OMe
olb] I o O 2r 74 91
< O OMe
o) OMe

.

0
Fo 15 peo_ JLQ 2s 5491 88
MeO O OMe

OMe
J\?

[a] Determined by chiral HPLC analysis. [b] The reaction was continued for 4 h.
[c] The reaction was continued for 8 h. [d] 10 equiv of nBuLi was used, and the
final solvent ratio and the concentration of 1s were same as entry 1. [e] 77%
based on consumed 1s.

4 11 21 19 90
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% —=Hi (+)-Eupomatilone 2,5 3 X T (-)-eupomatilone 1 M5 %

W THAALSSIZ L0 #9 90% ee D) > F A IRME T S 17z 2g-s @ eupomatilone
~DEWEFT > T= (Scheme 47), 2g-s % TBAF (2 X Y fiif&# L. PhI(OAc), & iz {LAl &
L7z TEMPO Bt &1T~7-& 25 P 57 M ARIZBAFICHEST L, (+)-eupomatilone 2, 5
B LD (-)-eupomatilone 1 #ZZ4L 2 1TH2E 95%, 68%. 78% DULETHHH I LN TX
77

Me

0~ o O OMe

L MeO O OMe
(95%)
OM MeO  ome
e
(1R,2S)-2q (1R,25)-22q (+)-eupomatilone 2
[]Z®-21.2 []%°-30.5 [a]% +12.0 (¢ 0.60, CHCI3)

lit.) [a]p +3.3 (¢ 0.5, CHCIs)

Me
»
b) 070 O OMe
2 (90%) 8 Q OMe
0
0
(1R,2S)-2r (1R,2S)-22r (+)-eupomatilone 5
[0]3® —22.7 [w]3°-33.7 [a] +26.4 (c 1.04, CHCl,)

lit.% [a]p +6.5 (c 1.50, CHCI;)

\Me
00 "’ 3

b) 3 MeO Q OMe
(85%)
MeO OMe

(-)-eupomatilone 1

(1R,2S)-2s (1R,2S)-22s h
—0.77 (c 0.80, CHCl5)
25 _og. 2% a7 [a]o 3
[]3-28.5 [odp’—37.5 it [a]o ~10.0 (¢ 0.50, CHCly)
Conditions:

a) TBAF, THF, rt. b) cat. TEMPO, Phl(OAc),, CH,Cl,, rt.

Scheme 47 . Asymmetric total synthesis of eupomatilones 1,2 and 5.
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5 51 7- eupomatilone 2, 5 B LTV 1L D H- BL O BC-NMR A2 LT — X 3Kk
&—8 L7 %, Eupomatilone 5 13 CHKICHAE SN TWAH LI, BRTLLIOT ha 7R
PEARL LTHEL TS Z L 2R LT, £7o, WHELEZ SR P& iy 5 &, »
THOMEMZBNTHHFEN B LR, Fox OEAEO SN EREF Y OfEER~ LT
(Scheme 47), ¥ 7/ HPLC Z3HTICZ K0 | BeA& R D AR TR AR D RE O ML % )
STNDZ L EMER LT,

PLb, =F o FA3RA [2,3]-Wittig #5075 2 88506 & LT, (+)-eupomatilone 2, 5
FB L ()-eupomatilone 1 DNLAALFEEFIE L, AERAITHEN Lz, AEIEZBEMO
ERIELD L UT AT UABRRMEBS X o FAEREWTICEB W THENL TV S,
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UbED LSz, AMEEREAET DY 7T U HOBEBE~DICHE B E LT, R
K7V =N AFN2—=TFT )VAO T F o F AN [2,3]-Wittig 507508 & e L 7o R,
PERIZR WV E W S F A TEIRNE CROGHET T2 FEE2 RHE L, AR AET Y
NT N A=V EINRELGD T ST LT,

TIPSO Me
TIPSO L1; (S,S)-box-tBu = oMe Meo
_ Me tBuLi M\)
hexane, —78 °C R N N
o N > HO /J—OMe 5
| —OMe /\ tBu 48U
X OMe
OMe up to 99% ee L1; (S,S)-box-tBu

T2, FTAERLEXH VY UEL S L1 [(S,S)-box-tBu] MITE L 72 AR F L i D
AT A & SO TR (R (AR AT D < EBRIC L 0 RRGE L 72/ 5. LY f77E T CI.
pro-S 7'a h O F U F AR T v b AvtE, FONEREE R LI E E T
RIHE CHAL N EIT L TWA Z E A BN LT,

Me_ Me

TIPSO Oﬂ?) TIPSO Me
T -~
Me B -
Hg/, »Hs u- - tBu ~=Ph
O/<Ph tBuLi, hexane .~ HO }
1a (1R,2S)-2a
. . TIPSO (71%, 98% ee)
enantioselective —
deprotonation of H Me Li -L1 T stereo-
pro-S proton (Hg) %Ph inversion
O

I BT, ARISEIGH L TY 7 U HEREO—FETH 5 eupomatilone D A7 E kA 7k
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Y™ D™ Ay
0 g o g 070 " 0

OMe OMe
e

0] (e}
MeO Q OMe E Q OMe MeO Q OM
MeO OMe o MeO OMe
(+)-eupomatilone 2 (+)-eupomatilone 5 (-)-eupomatilone 1
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EEROES

AREBRICEE L, BRSTETLORWVIRY 7T F 23R HBL0 T TITo 72, BAlx
WIS ERUSHESR 2 O CTHE L, X CTRHIETH 5, IeLE T JASCO P-1020 7 &
A VIENER & BV 589 nm THllIE L 72, *H NMR 222 kL1 JEOL INM-AL-400 AUEZRE A
IR EEE (400 MHZ) A M L. TMS Z NEEERHE (8 =0ppm) & LT CDCly F CHIE L7,
BCNMR A7 kL% JEOL INM-AL-400 FURZ g 5 AR 2E & (100 MHZ) % L. CDCl;
NEEENE (5 = 77 ppm) & LT CDCl; 1 CHIE L7z, *H NMR A~XZ kL% JEOL
INM-AL-400 IR K I 25E (61 MHz) Zf#iH L, CDCls & NEBIEHE (5 =7.26 ppm) &
L C CHCl; F CHIE L7z, 2SR oi#liidk o X 512558 L7 broad = br, singlet = s,
doublet = d, triplet = t, quartet = ¢, quintet = gn, multiplet = m. FRZMEIL (IR) A~<Z hLix
JASCO FT-6300 FUARAM o H S EERF 24 F L. KBr 2 AW 7B kI L0 JlE L=, IR
AT NV ERE — 7 ORGHE LTc, &S (MS) A7 kLiX JEOL GC-Mate I
AEBEOTEEZHNCE LT, 72 7a~ 7T 7 4 —OREAIE LTIE, I
IR ~72 VR Y Fuji Silysia Silica Gel BW-300 # /=, #fg 7 v~ K 7'Z 7 ¢ —IZiX Merck
Silica gel 60 F254 % 7=, flHIKIZHEEE~ 7R > U A ETIIMEET Y O A CrzE L
AHilate, WA ECHEE LT,
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(2)-1-Bromo-2-(triisopropylsilyloxy)methyl-2-butene (6)

DIBAL (1.02 M in n-hexane, 58 mL, 57.0 mmol) was added to a solution of ester 5 (5.0 g, 25.9
mmol) in CH,CI, (50 mL) with stirring at —20 °C under Ar. After stirring at the temperature for
1.2 h, the reaction was quenched with saturated aqueous Rochelle salt. Then, pH was adjusted to 4
with 2 M HCI and the mixture was extracted with CH,Cl,. The combined extracts were washed
with water and brine prior to drying and solvent evaporation. The crude residue was used next
step without purification. 2,6-Lutidine (3.05 g, 28.5 mmol) and TIPSOTf (7.81 g, 25.9 mmol)
were added to a solution of the crude residue in CH,Cl, (50 mL) with stirring at 0 °C, and the
stirring was continued at room temperature for 15 h. The reaction mixture was quenched with
saturated aqueous NH4CI, and the resulting mixture was extracted with CH,Cl,. The combined
extracts were washed with water and brine prior to drying and solvent evaporation. The crude
residue was purified by flash column chromatography on silica gel with hexane—EtOAc (95:5) to
give 6 (6.95 g, 84% in two steps) as a colorless oil.

6 : 'H NMR (400 MHz) &: 1.05-1.18 (m, 21H), 1.73 (dt, J = 7.0, 1.3 Hz, 3H), 4.08 (s, 2H), 4.50
(gn, J = 1.3 Hz, 2H), 5.75 (qt, J = 7.0, 1.3 Hz, 1H); *C NMR (100 MHz) &: 12.0 (3C), 13.1, 18.0
(6C), 27.4, 65.0, 125.7, 136.3; IR (KBr) cm™: 1667; MS (CI) m/z: 321 [M+H]*; HRMS (CI) m/z:

calcd for C14H30BrOSi: 321.1249, found: 321.1242 [M+H]".

General procedure for the synthesis of benzylic ethers:

tBuOK (3.08 mmol) was added to a solution of 6 (1.40 mmol) and benzyl alcohol (2.80 mmol)
in THF (10 mL) with stirring at room temperature under Ar. After the stirring was continued for
15 h, the reaction mixture was quenched with saturated aqueous NH4Cl and the mixture was
extracted with CH,Cl,. The combined extracts were washed with water and brine prior to drying

and solvent evaporation. The crude residue was purified by flash column chromatography on
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silica gel with hexane—EtOAc (9:1) to give 1.

(E)-1-Benzyloxy-2-(triisopropylsilyloxy)methyl-2-butene (1a)

Colorless oil : *H NMR (400 MHz) &: 1.06-1.15 (m, 21H), 1.69 (br d, J = 6.9 Hz, 3H), 4.09 (s,
2H), 4.25 (br s, 2H), 4.47 (s, 2H), 5.80 (br g, J = 6.9 Hz, 1H), 7.25-7.34 (m, 5H); **C NMR (100
MHz) &: 12.0 (3C), 13.0, 18.0 (6C), 65.0, 65.5, 71.9, 123.7, 127.5, 127.7 (2C), 128.3 (2C), 135.9,
138.6; IR (KBr) cm™: 1495; MS (FAB) m/z: 349 [M+H]"; HRMS (FAB) m/z: calcd for

C,1H370,Si: 349.2563, found: 349.2556 [M"‘H]Jr

(E)-1-(4-Methoxybenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1b)

Colorless oil : *H NMR (400 MHz) &: 1.04-1.18 (m, 21H), 1.69 (br d, J = 7.0 Hz, 3H), 3.80 (s,
3H), 4.06 (s, 2H), 4.24 (br s, 2H), 4.40 (s, 2H), 5.80 (br g, J = 7.0 Hz, 1H), 6.87 (d, J = 8.7 Hz,
2H), 7.26 (d, J = 8.7 Hz, 2H); *C NMR (100 MHz) &: 12.0 (3C), 13.1, 18.1 (6C), 55.3, 64.7, 65.5,
71.6, 113.7 (2C), 123.7, 129.3 (2C), 130.7, 135.9, 159.1; IR (KBr) cm: 1613, 1586, 1513; MS
(FAB) m/z: 379 [M+H]"; HRMS (FAB) m/z: calcd for CyH3905Si: 379.2668, found: 379.2676

[M+H]".

(E)-1-(3-Methoxybenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1c)

Colorless oil : *H NMR (400 MHz) &: 1.06-1.18 (m, 21H), 1.70 (br d, J = 7.0 Hz, 3H), 3.80 (s,
3H), 4.09 (s, 2H), 4.26 (br s, 2H), 4.45 (s, 2H), 5.81 (br g, J = 7.0 Hz, 1H), 6.80-6.83 (m, 1H),
6.90-6.92 (m, 2H), 7.22-7.26 (m, 1H); **C NMR (100 MHz) &: 12.0 (3C), 13.0, 18.0 (6C), 55.1,
65.0, 65.4, 71.8, 112.8, 113.2, 119.9, 123.7, 129.3, 135.8, 140.2, 159.7; IR (KBr) cm™: 1601,
1587, 1490; MS (FAB) m/z: 379 [M+H]"; HRMS (FAB) m/z: calcd for CyH3905Si: 379.2669,

found: 379.2657 [M+H]".
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(E)-1-(2-Methoxybenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1d)

Colorless oil : *H NMR (400 MHz) &: 1.06-1.18 (m, 21H), 1.71 (br d, J = 7.0 Hz, 3H), 3.81 (s,
3H), 4.13 (s, 2H), 4.26 (br s, 2H), 4.51 (s, 2H), 5.80 (br g, J = 7.0 Hz, 1H), 6.85 (d, J = 8.1 Hz,
1H), 6.94 (t, J = 7.4 Hz, 1H), 7.24 (td, J = 8.1, 1.8 Hz, 1H), 7.37 (dd, J = 7.4, 1.8 Hz, 1H); *C
NMR (100 MHz) &: 12.1 (3C), 13.0, 18.0 (6C), 55.3, 65.3, 65.5, 66.7, 110.1, 120.4, 123.4, 127.0,
128.4, 128.9, 136.1, 157.1; IR (KBr) cm™: 1604, 1590, 1494; MS (FAB) m/z: 379 [M+H]";

HRMS (FAB) m/z: calcd for Cx,Hz905Si: 379.2669, found: 379.2668 [M+H]".

(E)-1-(3,4-Dimethoxybenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1e)

Colorless oil : *H NMR (400 MHz) &: 1.05-1.18 (m, 21H), 1.69 (br d, J = 6.9 Hz, 3H), 3.87 (s,
3H), 3.88 (s, 3H), 4.07 (s, 2H), 4.25 (br s, 2H), 4.41 (s, 2H), 5.81 (br g, J = 6.9 Hz, 1H), 6.82 (d, J
= 8.1 Hz, 1H), 6.86 (dd, J = 8.1, 1.7 Hz, 1H), 6.90 (d, J = 1.7 Hz, 1H); **C NMR (100 MHz) &:
12.0 (3C), 13.1, 18.0 (6C), 55.7, 55.9, 64.7, 65.5, 71.8, 110.9, 111.1, 120.3, 123.6, 131.2, 135.8,
148.5, 149.0; IR (KBr) cm™: 1593, 1517; MS (FAB) m/z: 409 [M+H]*; HRMS (FAB) m/z: calcd

for Cy3H410,Si: 409.2774, found: 409.2756 [M+H]".

(E)-1-(3,5-Dimethoxybenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1f)

Colorless oil : *H NMR (400 MHz) &: 1.05-1.18 (m, 21H), 1.70 (br d, J = 7.0 Hz, 3H), 3.78 (s,
6H), 4.08 (s, 2H), 4.26 (br s, 2H), 4.42 (s, 2H), 5.81 (br g, J = 7.0 Hz, 1H), 6.38 (t, J = 2.3 Hz,
1H), 6.50 (d, J = 2.3 Hz, 2H); *C NMR (100 MHz) &: 12.0 (3C), 13.1, 18.0 (6C), 55.3 (2C), 65.0,
65.4, 71.9, 99.7, 105.3 (2C), 123.8, 135.8, 141.1, 160.8 (2C); IR (KBr) cm™: 1599; MS (FAB)

m/z: 409 [M+H]"; HRMS (FAB) m/z: calcd for Cy3H,10,4Si: 409.2774, found: 409.2773 [M+H]".

(E)-1-(2,3-Dimethoxybenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1g)
Colorless oil : *H NMR (400 MHz) &: 1.05-1.18 (m, 21H), 1.71 (br d, J = 6.9 Hz, 3H), 3.83 (s,

3H), 3.86 (s, 3H), 4.12 (s, 2H), 4.26 (br s, 2H), 4.53 (s, 2H), 5.80 (br g, J = 6.9 Hz, 1H), 6.86 (dd,
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J=17.9, 1.8 Hz, 1H), 6.99 (dd, J = 7.7, 1.8 Hz, 1H), 7.04 (t, J = 7.8 Hz, 1H); *C NMR (100 MHz)
8:12.0 (3C), 13.1, 18.0 (6C), 55.8, 60.9, 65.4, 65.5, 66.8, 111.8, 121.2, 123.5, 123.9, 132.6, 136.0,
147.1, 152.6; IR (KBr) cm™: 1588, 1483; MS (FAB) m/z: 409 [M+H]"; HRMS (FAB) m/z: calcd

for Co3H4104Si: 409.2774, found: 409.2766 [M+H]".

(E)-1-(2,5-Dimethoxybenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1h)

Colorless oil : *H NMR (400 MHz) &: 1.05-1.18 (m, 21H), 1.72 (br d, J = 7.0 Hz, 3H), 3.76 (s,
3H), 3.77 (s, 3H), 4.14 (s, 2H), 4.27 (br s, 2H), 4.49 (s, 2H), 5.81 (br q, J = 7.0 Hz, 1H), 6.77-6.77
(m, 2H) 6.98 (d, J = 2.0 Hz, 1H); **C NMR (100 MHz) &: 12.0 (3C), 13.0, 18.0 (6C), 55.7, 55.9,
65.4, 65.4, 66.6, 111.3, 113.0, 114.4, 123.5, 128.2, 136.0, 151.2, 153.7; IR (KBr) cm*: 1593,
1500; MS (FAB) m/z: 409 [M+H]"; HRMS (FAB) m/z: calcd for CasH,104Si: 409.2774, found:

409.2782 [M+H]".

(E)-2-(Triisopropylsilyloxymethyl)-1-(3,4,5-trimethoxybenzyloxy)but-2-ene (1i)

Colorless oil : *H NMR (400 MHz) &: 1.05-1.18 (m, 21H), 1.71 (br d, J = 6.9 Hz, 3H), 3.83 (s,
3H), 3.86 (s, 6H), 4.10 (s, 2H), 4.27 (br s, 2H), 4.41 (s, 2H), 5.82 (br g, J = 7.0 Hz, 1H), 6.57 (s,
2H); *C NMR (100 MHz) §: 12.0 (3C), 13.1, 18.0 (6C), 56.0 (2C), 60.8, 65.0, 65.4, 72.0, 104.6
(2C), 123.8, 134.3, 135.7, 137.3, 153.2 (2C); IR (KBr) cm™*: 1591, 1507; MS (FAB) m/z: 439

[M+H]"; HRMS (FAB) m/z: calcd for C,4H4305Si: 439.2880, found: 439.2896 [M+H]".

(2)-1-Benzyloxy-2-(triisopropylsilyloxymethyl)but-2-ene (1j)

Colorless oil : NaH (ca. 60% in oil, 0.38 g, 9.59 mmol) was washed with hexane and suspended
in hexane (24 mL). A solution of 7 9 (1.24 g, 4.80 mmol) in THF (5mL) was added slowly to the
suspension with stirring at 0 °C under Ar. After 30 min, benzyl bromide (0.68 mL, 5.76 mmol)
and nBusNI (177 mg, 0.48 mmol) was added to the mixture with stirring at room temperature, and

the stirring was continued at room temperature for 6 h. The reaction was quenched with saturated
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aqueous NH,CI, and the resulting mixture was extracted with EtOAc. The combined extracts were
washed with saturated aqueous NH,CI, water, and brine prior to drying and solvent evaporation.
The crude residue was purified by flash column chromatography on silica gel with hexane—EtOAc
(20:1—10:1) to give 1j (1.13 g, 68%) as a colorless oil.

1j: *H NMR (400 MHz) &: 1.04-1.16 (m, 21H), 1.70 (br d, J = 6.9 Hz, 3H), 4.07 (br s, 2H),
4.34 (br s, 2H), 4.50 (s, 2H), 5.63 (br g, J = 6.9 Hz, 1H), 7.25-7.34 (m, 5H); *C NMR (100 MHz)
8:12.0 (3C), 13.1, 18.0 (6C), 58.6, 72.1, 72.3, 124.5, 127.4, 127.7 (2C), 128.3 (2C) 136.5, 138.7;
IR (KBr) cm™: 1496; MS (FAB) m/z: 349 [M+H]*; HRMS (FAB) m/z: calcd for CyHs70,Si:

349.2563, found: 349.2550 [M+H]".
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General procedure for [2,3]-Wittig rearrangement of allyl benzyl ethers without a chiral
ligand:

tBuLi (1.58 M in pentane, 1.29 mmol) was added dropwise to a solution of allyl benzyl ether 1
(0.129 mmol) in dry THF (0.65 mL) with stirring at —78 °C under Ar. The stirring was continued
for 2 h at this temperature. The reaction mixture was quenched with saturated agueous NH,Cl, and
the resulting mixture was extracted with EtOAc. The combined extracts were washed with
saturated aqueous NH,CI, water, and brine prior to drying and solvent evaporation. Purification by

flash column chromatography on silica gel with hexane—Et,O (10:1) to give 2.

rac-(1R,2S)-2-Methyl-1-phenyl-3-(triisopropylsilyloxy)methyl-3-buten-1-ol (2a)

Colorless oil : *H NMR (400 MHz) &: 0.99 (d, J = 7.1 Hz, 3H), 1.06-1.18 (m, 21H), 2.60 (qd, J
=7.1, 4.0 Hz, 1H), 3.05 (d, J = 2.4 Hz, 1H), 4.08 (d, J = 12.9 Hz, 1H), 4.22 (d, J = 12.9 Hz, 1H),
4.81 (dd, J = 4.0, 2.4 Hz, 1H), 4.98 (br s, 1H), 5.20 (br s, 1H), 7.21-7.36 (m, 5H); *C NMR (100
MHz) &: 12.0 (3C), 12.6, 18.0 (6C), 44.9, 66.0, 76.0, 112.5, 126.2 (2C), 126.9, 127.9 (2C), 143.0,
150.5; IR (KBr) cm™: 3409, 1650, 1603, 1494; MS (FAB) m/z: 349 [M+H]*; HRMS (FAB) m/z:

calcd for C,1H370,Si: 349.2563, found: 349.2562 [M+H]".

rac-(1R,2S)-1-(4-Methoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol (2b)
Colorless oil : *H NMR (400 MHz) &: 1.02 (d, J = 7.1 Hz, 3H), 1.05-1.16 (m, 21H), 2.54 (qd, J
= 7.1, 4.6 Hz, 1H), 2.92 (br s, 1H), 3.79 (s, 3H), 4.02 (d, J = 13.1 Hz, 1H), 4.18 (d, J = 13.1 Hz,
1H), 4.73 (d, J = 4.6 Hz, 1H), 4.95 (br s, 1H), 5.18 (br s, 1H), 6.85 (d, J = 8.8 Hz, 2H), 7.26 (d, J
= 8.8 Hz, 2H); *C NMR (100 MHz) &: 11.9 (3C), 13.1, 18.0 (6C), 44.9, 55.2, 66.0, 76.0, 112.1,
113.3 (2C), 127.4 (2C), 135.2, 150.6, 158.6; IR (KBr) cm™: 3411, 1650, 1612, 1586, 1512; MS

(FAB) m/z: 401 [M+Na]"; HRMS (FAB) m/z: calcd for Cx,H3305SiNa: 401.2488, found: 401.2495
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[M+Na] .
rac-(1R,2S)-1-(3-Methoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol (2c)
Colorless oil : *H NMR (400 MHz) &: 0.99 (d, J = 7.1 Hz, 3H), 1.05-1.16 (m, 21H), 2.60 (qd, J
= 7.1, 4.0 Hz, 1H), 3.02 (d, J = 2.0 Hz, 1H), 3.81 (s, 3H), 4.09 (d, J = 12.9 Hz, 1H), 4.23 (d, J =
12.9 Hz, 1H), 4.79 (d, J = 4.0, 2.0 Hz, 1H), 5.00 (br s, 1H), 5.20 (br s, 1H), 6.77 (ddd, J = 8.3, 2.6,
1.0 Hz, 1H), 6.92-6.94 (m, 2H), 7.23 (t, J = 8.0 Hz, 1H); *C NMR (100 MHz) &: 12.0 (3C), 12.5,
18.0 (6C), 44.8, 55.2, 66.0, 75.8, 111.8, 112.4, 112.5, 118.6, S6 128.9, 144.8, 150.5, 159.4; IR
(KBr) cm™: 3412, 1650, 1601, 1586, 1487; MS (FAB) m/z: 379 [M+H]"; HRMS (FAB) m/z:

calcd for CH3905Si: 379.2669, found: 379.2677 [M+H]".

rac-(1R,25)-1-(2-Methoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol (2d)
Colorless oil : *H NMR (400 MHz) &: 1.01 (d, J = 7.1 Hz, 3H), 1.05-1.16 (m, 21H), 2.66 (qd, J
= 7.1, 4.4 Hz, 1H), 3.04 (d, J = 4.1 Hz, 1H), 3.83 (s, 3H), 4.10 (d, J = 13.4 Hz, 1H), 4.19 (d, J =
13.4 Hz, 1H), 4.97 (t, J = 4.0 Hz, 1H), 5.02 (br s, 1H), 5.20 (br s, 1H), 6.84 (dd, J = 8.3, 0.6 Hz,
1H), 6.94 (td, J = 7.4, 0.6 Hz, 1H), 7.21 (td, J = 7.8, 1.6 Hz, 1H), 7.40 (dd, J = 7.4, 1.6 Hz, 1H);
3C NMR (100 MHz) &: 12.0 (3C), 12.7, 18.0 (6C), 42.2, 55.2, 65.6, 72.2, 110.1, 111.0, 120.4,
127.8 (2C), 131.1, 151.3, 156.0; IR (KBr) cm™: 3424, 1652, 1602, 1588, 1491; MS (FAB) m/z:
361 [M+H-18]"; HRMS (FAB) m/z: calcd for C,H3;0,Si: 361.2563, found: 361.2552

[M+H-18]".

rac-(1R,25)-1-(3,4-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
(2e)

Colorless oil : *H NMR (400 MHz) &: 1.02 (d, J = 7.0 Hz, 3H), 1.05-1.17 (m, 21H), 2.57 (qd, J
= 7.0, 4.4 Hz, 1H), 2.97 (br s, 1H), 3.87 (s, 3H), 3.88 (s, 3H), 4.05 (d, J = 12.9 Hz, 1H), 4.20 (d, J

= 12.9 Hz, 1H), 4.75 (d, J = 4.4 Hz, 1H), 4.97 (br s, 1H), 5.19 (br s, 1H), 6.82 (d, J = 8.3 Hz, 1H),
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6.87 (dd, J = 8.3, 1.9 Hz, 1H), 6.91 (d, J = 1.9 Hz, 1H); *C NMR (100 MHz) &: 11.9 (3C), 13.1,
18.0 (6C), 44.8, 55.8, 55.9, 66.1, 75.9, 109.6, 110.7, 112.2, 118.4, 135.7, 147.9, 148.6, 150.6; IR
(KBr) cm*: 3525, 1650, 1606, 1594, 1516; MS (FAB) m/z: 391 [M+H-18]"; HRMS (FAB) m/z:

calcd for C,3H3903Si: 391.2669, found: 391.2683 [M+H-18]".

rac-(1R,2S)-1-(3,5-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
(2f)

Colorless oil : *H NMR (400 MHz) &: 1.00 (d, J = 7.1 Hz, 3H), 1.05-1.17 (m, 21H), 2.57 (qd, J
= 7.1, 3.8 Hz, 1H), 2.99 (d, J = 2.3 Hz, 1H), 3.78 (s, 6H), 4.09 (d, J = 12.9 Hz, 1H), 4.23 (d, J =
12.9 Hz, 1H), 4.75 (dd, J = 3.8, 2.3 Hz, 1H), 5.01 (br s, 1H), 5.21 (br s, 1H), 6.34 (t, J = 2.3 Hz,
1H), 6.53 (d, J = 2.3 Hz, 2H); *C NMR (100 MHz) &: 12.0 (3C), 12.5, 18.0 (6C), 44.7, 55.3 (2C),
66.0, 75.8, 99.0, 104.2 (2C), 112.4, 145.7, 150.6, 160.5 (2C); IR (KBr) cm: 3414, 1651, 1598;
MS (FAB) m/z: 409 [M+H]"; HRMS (FAB) m/z: calcd for C,3H40,Si: 409.2774, found:

409.2772 [M+H]".

rac-(1R,25)-1-(2,3-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
(29)

Colorless oil : 'H NMR (400 MHz) &: 0.98 (d, J = 7.2 Hz, 3H), 1.05-1.17 (m, 21H), 2.65 (qd, J
= 7.2, 4.1 Hz, 1H), 3.13 (d, J = 3.4 Hz, 1H), 3.86 (s, 6H), 4.16 (d, J = 13.4 Hz, 1H), 4.24 (d, J =
13.4 Hz, 1H), 5.02 (t, J = 3.4 Hz, 1H), 5.06 (br s, 1H), 5.22 (br s, 1H), 6.82 (dd, J = 7.8, 2.0 Hz,
1H), 7.03 (t, J = 7.8 Hz, 1H), 7.07 (dd, J = 7.8, 2.0 Hz, 1H); *C NMR (100 MHz) &: 12.0 (3C),
12.1, 18.0 (6C), 43.3, 55.7, 60.4, 65.6, 71.7, 111.0, 111.6, 119.6, 123.5, 136.6, 145.6, 151.1,
152.3; IR (KBr) cm™: 3423, 1650, 1600, 1586, 1478; MS (FAB) m/z: 409 [M+H]*; HRMS (FAB)

m/z: calcd for C,3H410,4Si: 409.2774, found: 409.2757 [M+H]".

rac-(1R,25)-1-(2,5-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
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(2h)

Colorless oil : 'H NMR (400 MHz) &: 1.00 (d, J = 7.2 Hz, 3H), 1.05-1.17 (m, 21H), 2.65 (qd, J
=7.2,4.1 Hz, 1H), 3.10 (d, J = 3.9 Hz, 1H), 3.77 (s, 3H), 3.79 (s, 3H), 4.11 (d, J = 13.6 Hz, 1H),
4.20 (d, J = 13.6 Hz, 1H), 4.93 (t, J = 4.0 Hz, 1H), 5.03 (br s, 1H), 5.21 (br s, 1H), 6.73 (dd, J =
8.8, 2.9 Hz, 1H), 6.77 (d, J = 8.8 Hz, 1H), 7.01 (d, J = 2.9 Hz, 1H); *C NMR (100 MHz) 5: 12.0
(3C), 12.5, 18.0 (6C), 42.2, 55.7 (2C), 65.6, 72.2, 111.1 (2C), 112.3, 113.8, 132.3, 150.3, 151.2,
153.5; IR (KBr) cm™: 3422, 1650, 1591, 1497; MS (FAB) m/z: 409 [M+H]*; HRMS (FAB) m/z:

calcd for Cy3H410,4Si: 409.2774, found: 409.2752 [M+H]".

rac-(1R,2S)-2-Methyl-3-(triisopropylsilyloxymethyl)-1-(3,4,5-trimethoxyphenyl)but-3-en-1-ol
(2i)

Colorless oil : *H NMR (400 MHz) &: 1.01 (d, J = 7.1 Hz, 3H), 1.05-1.17 (m, 21H), 2.61 (qd, J
= 7.1, 4.0 Hz, 1H), 3.01 (d, J = 2.2 Hz, 1H), 3.83 (s, 3H), 3.86 (s, 6H), 4.09 (d, J = 12.7 Hz, 1H),
4.24 (d, J = 12.7 Hz, 1H), 4.76 (dd, J = 4.0, 2.2 Hz, 1H), 5.01 (br s, 1H), 5.21 (br s, 1H), 6.59 (s,
2H); *C NMR (100 MHz) &: 12.0 (3C), 12.7, 18.0 (6C), 44.7, 56.1 (2C), 60.8, 66.1, 75.9, 103.2
(2C), 112.6, 136.8, 138.8, 150.6, 152.9 (2C); IR (KBr) cm™: 3501, 1651, 1592, 1508; MS (FAB)
m/z: 421 [M+H-18]"; HRMS (FAB) m/z: calcd for Cy4H410,Si: 421.2774, found: 421.2769

[M+H-18]".

rac-(1R,2R)-2-Methyl-1-phenyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol [2j (anti isomer
of 2a)]

Colorless oil : *H NMR (400 MHz) &: 0.90 (d, J = 7.1 Hz, 3H), 1.09-1.22 (m, 21H), 2.53 (dq, J
= 8.8, 7.1 Hz, 1H), 3.33 (d, J = 3.0 Hz, 1H), 4.17 (d, J = 12.7 Hz, 1H), 4.27 (dd, J = 12.7, 0.7 Hz,
1H), 4.51 (dd, J = 8.8, 3.0 Hz, 1H), 5.08 (br s, 1H), 5.28 (br s, 1H), 7.21-7.36 (m, 5H); *C NMR
(100 MHz) &: 12.0 (3C), 17.5, 18.0 (6C), 46.6, 65.8, 78.2, 113.5, 126.9 (2C), 127.5, 128.2 (2C),

143.1, 150.1; IR (KBr) cm’: 3438, 1655, 1604, 1494: MS (FAB) m/z: 331 [M+H-18]"; HRMS
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(FAB) m/z: calcd for C,;H3s0Si: 331.2457, found: 331.2456 [M+H-18]".

(2)-1-(4-Methoxyphenyl)-3-(triisopropylsilyloxymethyl)pent-3-en-2-ol (4b)

Colorless oil : *H NMR (400 MHz) &: 1.05-1.18 (m, 21H), 1.47 (d, J = 7.0 Hz, 3H), 2.81 (dd, J
=13.7, 6.6 Hz, 1H), 2.99 (dd, J = 13.7, 7.3 Hz, 1H), 3.52 (d, J = 5.9 Hz, 1H), 3.78 (s, 3H), 4.19 (d,
J=11.7 Hz, 1H), 450 (br d, J = 11.7 Hz, 1H), 4.78 (q, J = 6.7 Hz, 1H), 5.50 (q, J = 7.0 Hz, 1H),
6.82 (d, J = 8.5 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H); *C NMR (100 MHz) &: 11.8 (3C), 12.8, 18.0
(6C), 42.0, 55.2, 67.0, 71.5, 113.7 (2C), 124.1, 130.2 (2C), 130.7, 138.2, 158.1; IR (KBr) cm™
3484, 1612, 1584, 1512; MS (FAB) m/z: 361 [M+H-18]"; HRMS (FAB) m/z: calcd for

C2H3,0,Si: 361.2563, found: 361.2566 [M+H-18]"

(2)-1-(3,4-Dimethoxyphenyl)-3-(triisopropylsilyloxymethyl)pent-3-en-2-ol (4e)

Colorless oil : 'H NMR (400 MHz) &: 1.04-1.17 (m, 21H), 1.50 (d, J = 6.9 Hz, 3H), 2.83 (dd, J
=13.7, 6.3 Hz, 1H), 3.00 (dd, J = 13.7, 7.6 Hz, 1H), 3.48 (d, J = 5.9 Hz, 1H), 3.85 (s, 3H), 3.86 (5,
3H), 4.21 (d, J = 11.7 Hz, 1H), 4.49 (d, J = 11.7 Hz, 1H), 4.81 (g, J = 6.6 Hz, 1H), 5.51 (0, J = 6.9
Hz, 1H), 6.74 (dd, J = 8.1, 1.7 Hz, 1H) , 6.77 (d, J = 1.7 Hz, 1H) , 6.79 (d, J = 8.1 Hz, 1H); °C
NMR (100 MHz) &: 11.8 (3C), 12.9, 18.0 (6C), 42.4, 55.8, 55.9, 67.0, 71.3, 111.1, 112.6, 121.3,
123.9, 131.3, 138.4, 147.5, 148.7; IR (KBr) cm™*: 3512, 1590, 1516; MS (EI) m/z: 408 [M]*;

HRMS (EI) m/z: calcd for C3Hg004Si: 408.2696, found: 408.2702 [M]".
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2-(4-Methoxybenzyloxymethyl)-3,4,4-trimethylpent-1-ene (8b)

Colorless oil : *H NMR (400 MHz) &: 0.88 (s, 9H), 1.04 (d, J = 7.3 Hz, 3H), 1.99 (g, J = 7.3 Hz,
1H), 3.80 (s, 3H), 3.89 (d, J = 13.4 Hz, 1H), 3.96 (d, J = 13.4 Hz, 1H), 4.39 (d, J = 11.5 Hz, 1H),
4.48 (d, J = 11.5 Hz, 1H), 4.96 (br s, 1H), 5.21 (br s, 1H), 6.88 (d, J = 8.8 Hz, 2H), 7.27 (d, J =
8.8 Hz, 2H); *C NMR (100 MHz) &: 16.0, 27.9 (3C), 33.6, 45.8, 55.2, 71.6, 74.3, 112.2, 113.7
(2C), 129.2 (2C), 130.6, 149.7, 159.1; IR (KBr) cm™: 1641, 1613, 1514; MS (CI) m/z: 263

[M+H]"; HRMS (C1) m/z: calcd for C17H60,: 263.2011, found: 263.2016 [M+H]".

rac-(4S,5R)-5-(2-Methoxyphenyl)-4-methyl-3-methylenedihydrofuran-2(3H)-one (syn-3d)
Tetrabutylammonium fluoride (1 M solution in THF, 0.21 mL, 0.21 mmol) was added to a
solution of 2d (syn) (25.9 mg, 0.068 mmol) in THF (0.68 mL) at room temperature under Ar and
the stirring was continued for 2 h. The reaction mixture was quenched with saturated aqueous
NH,4CI, and the resulting mixture was extracted with EtOAc. The combined extracts were washed
with saturated aqueous NH,4CI, water and brine prior to drying and solvent evaporation. The crude
was purified by PTLC (SiO,) with n-hexane—EtOAc (1:1) to give alcohol (15.2 mg, quant.) as a
colorless oil. Catalytic TEMPO (1.1 mg, 0.0068 mmol), nBusNI (2.53 mg, 0.0068 mmol), and
N-chlorosuccinimide (27.4 mg, 0.21 mmol) was added to a mixture of the alcohol (15.2 mg, 0.068
mmol) in CH,CI, (0.3 mL), aqueous NaHCO3; (0.5 M, 0.15 mL), and aqueous K,COj3 (0.05 M,
0.15 mL) with stirring at room temperature. The mixture was vigorously stirred at the temperature
for 1.5 h. Then, the organic layer was separated and the aqueous phase was extracted with CH,Cl,.
The combined extracts were washed with brine prior to drying and solvent evaporation. The crude
was purified by PTLC (SiO;) with hexane—-EtOAc (3:1) to give syn-3d (7.5 mg, 50%) as a

colorless oil. The *H NMR spectra was identical with the reported value.[*®

rac-(1S,2S)-1-(2-Methoxyphenyl)-2-methyl-3-(triisopropylsilyloxy)methyl-3-buten-1-ol

(anti-2d)
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A catalytic amount of TPAP (4.8 mg, 0.0136 mmol) was added to a mixture of the alcohol 2d
(syn) (51.4 mg, 0.136 mmol), 4-methylmorpholine N-oxide (79.5 mg, 0.679 mmol), and 4A
molecular sieves in CH,Cl,—MeCN (9:1, 0.70 mL) with stirring at room temperature under Ar.
The stirring was continued for 1.5 h. After diluted with CH,ClI,, the mixture was filtered through a
pad of Celite® and the filtrate was concentrated under reduced pressure. The crude residue was
purified by flash column chromatography on silica gel with hexane—EtOAc (8:1) to give ketone
(50.0 mg, 98%) as a colorless oil.

Ketone: 'H NMR (400 MHz) &: 0.97-1.11 (m, 21H), 1.33 (d, J = 6.8 Hz, 3H), 3.86 (s, 3H), 4.15
(9, J=6.8 Hz, 1H), 4.16 (br s, 2H), 4.93 (s, 1H), 5.22 (br s, 1H), 6.91 (d, J = 8.3 Hz, 1H), 6.95 (td,
J =76, 1.0 Hz, 1H), 7.40 (ddd, J = 8.7, 7.0, 1.4 Hz, 1H), 7.50 (dd, J = 7.6, 1.7 Hz, 1H) ; *C
NMR (100 MHz) 6: 12.0 (3C), 16.2, 18.0 (6C), 48.3, 55.4, 65.2, 110.5, 111.3, 120.6, 129.0, 130.4,
132.6, 148.0, 157.6, 203.8; IR (KBr) cm™: 1679, 1598, 1486; MS (FAB) m/z: 377 [M+H]";
HRMS (FAB) m/z: calcd for C,,H3;03Si: 377.2512, found: 377.2505 [M+H]".

L-Selectride® (1.0 M in THF, 0.144 mL, 0.144 mmol) was added to a solution of the ketone
(45.1 mg, 0.120 mmol) in THF (1.2 mL) with stirring at —78 °C under Ar. After 2.5 h, H,0, (30%
solution, 0.5 mL) and acetone (0.25 mL) were added to the mixture. Then, the mixture was
allowed to warm to room temperature. After 1 h, the mixture was concentrated under reduced
pressure and the residue was extracted with Et,O. The combined extracts were washed with brine
prior to drying and solvent evaporation. The crude residue was purified by flash column
chromatography on silica gel with hexane—EtOAc (8:1) to give anti-2d (41.4 mg, 91%) as a
colorless oil.

anti-2d : *H NMR (400 MHz) &: 0.95 (d, J = 7.1 Hz, 3H), 1.08-1.20 (m, 21H), 2.66 (qn, J = 7.6
Hz, 1H), 3.21 (d, J = 5.6 Hz, 1H), 3.83 (s, 3H), 4.12 (d, J = 13.1 Hz, 1H), 4.24 (d, J = 13.1 Hz,
1H), 4.96 (dd, J = 8.3, 5.6 Hz, 1H), 5.01 (br s, 1H), 5.24 (br s, 1H), 6.86 (d, J = 8.3 Hz, 1H), 6.95
(td, J = 7.4, 0.7 Hz, 1H), 7.22 (td, J = 7.8, 1.7 Hz, 1H), 7.35 (dd, J = 7.6, 1.7 Hz, 1H); **C NMR

(100 MHz) &: 12.0 (3C), 17.3, 18.0 (6C), 45.2, 55.3, 65.7, 72.2, 110.4, 112.4, 120.7, 127.6, 128.1,
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131.6, 150.5, 156.8; IR (KBr) cm: 3413, 1649, 1602, 1588, 1492; MS (FAB) m/z: 361

[M+H-18]"; HRMS (FAB) m/z: calcd for C,,H3,0,Si: 361.2563, found: 361.2579 [M+H-18]".

rac-(4S,5S)-5-(2-Methoxyphenyl)-4-methyl-3-methylenedihydrofuran-2(3H)-one (anti-3d)
The anti-2d was converted into the y-lactone anti-3d (13.7 mg, 86% in two steps) as a colorless
oil in the same manner that described for the procedure of compound syn-3d.

anti-3d : *H NMR spectra was identical with the reported value. *®
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General procedure for asymmetric [2,3]-Wittig rearrangement of allyl benzyl ethers with a
chiral ligand:

tBuLi (1.58 M in pentane, 1.14 mmol) was added to a solution of allyl benzyl ether 1 (0.114
mmol) and bis(oxazoline) L1 (0.114 mmol) in dry hexane (0.57 mL) with stirring at —78 °C under
Ar. The stirring was continued for 2 h at this temperature. The reaction mixture was quenched
with saturated aqueous NH4CI, and the resulting mixture was extracted with EtOAc. The
combined extracts were washed with saturated aqueous NH,CI, water, and brine prior to drying
and solvent evaporation. The crude was purified by PTLC (SiO,) with hexane—EtOAc (6:1) to

give (1R,2S)-2.

(1R,2S)-2-Methyl-1-phenyl-3-(triisopropylsilyloxy)methyl-3-buten-1-ol [(1R,2S)-2a]:
Colorless oil (98% ee) : [0]o> —12.2 (c 1.24, CHCIs).
[Daicel Chiralcel OD-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tr (major) = 5.93 min, tg

(minor) = 5.38 min]

(1R,25)-1-(4-Methoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
[(1R,2S)-2b]

Colorless oil (98% ee) : [a]p>> —11.5 (¢ 0.92, CHCIs).

[Daicel Chiralpak AS-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tg (major) = 6.16 min, tg

(minor) = 7.80 min]
2-(Benzyloxymethyl)-3,4,4-trimethylpent-1-ene (8a)
Colorless oil : *H NMR (400 MHz) &: 0.89 (s, 9H), 1.05 (d, J = 7.3 Hz, 3H), 2.00 (g, J = 7.3 Hz,

1H), 3.92 (dt, J = 13.2, 1.1 Hz, 1H), 4.00 (dt, J = 13.2, 1.2 Hz, 1H), 4.47 (d, J = 12.0 Hz, 1H),

67



456 (d, J = 12.0 Hz, 1H), 4.97 (br s, 1H), 5.23 (br s, 1H), 7.27-7.37 (m, 5H); *C NMR (100
MHz) &: 16.0, 27.9 (3C), 33.6, 45.8, 72.0, 74.6, 112.2, 127.5, 127.6 (2C), 128.3 (2C), 138.6, 149.6
ppm; IR (KBr) cm™: 1643, 1496; MS (CI) m/z: 233 [M+H]*; HRMS (CI) m/z: calcd for CyH,50:

233.1905, found: 233.1897 [M+H]".
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(E)-1-(2-Ethylbenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1k)

Colorless oil : *H NMR (400 MHz) &: 1.06-1.18 (m, 21H), 1.22 (t, J = 7.6 Hz, 3H), 1.71 (br d,
J = 6.9 Hz, 3H), 2.69 (q, J = 7.6 Hz, 2H), 4.10 (s, 2H), 4.25 (br s, 2H), 4.50 (s, 2H), 5.80 (br g, J =
6.9 Hz, 1H), 7.14-7.26 (m, 3H), 7.32 (br d, J = 7.6 Hz, 1H); 3C NMR (100 MHz) &: 12.0 (3C),
13.0, 15.1, 18.0 (6C), 25.2, 65.2, 65.5, 70.1, 123.6, 125.7, 127.9, 128.3, 129.0, 135.7, 135.9,
142.7; IR (KBr) cm™: 1490; MS (FAB) m/z: 377 [M+H]"; HRMS (FAB) m/z: calcd for

Cy3H410,Si: 377.2876, found: 377.2866 [M"‘H]Jr

(E)-1-(2-Phenylbenzyloxy)-2-(triisopropylsilyloxymethyl)but-2-ene (1)

Colorless oil : *H NMR (400 MHz) &: 1.03-1.18 (m, 21H), 1.65 (br d, J = 6.9 Hz, 3H), 4.01 (s,
2H), 4.21 (br s, 2H), 4.37 (s, 2H), 5.75 (br g, J = 6.9 Hz, 1H), 7.26-7.54 (m, 9H); *C NMR (100
MHz) &: 12.0 (3C), 13.0, 18.0 (6C), 65.3, 65.5, 70.0, 123.6, 127.1, 127.4, 127.5, 128.0 (2C), 129.2,
129.2 (2C), 129.9, 135.7, 135.8, 140.9, 141.8; IR (KBr) cm™: 1598; MS (FAB) m/z: 425 [M+H]";

HRMS (FAB) m/z: calcd for C,7H4;0,Si: 425.2876, found: 425.2879 [M+H]".

(E)-1-Benzyloxy-2-(tert-butyldimethylsilyloxymethyl)but-2-ene (1m)

2,6-Lutidine (1.27 mL, 10.9 mmol) and TBSOTf (1.74 mL, 10.0 mmol) were added to a
solution of (Z)-2-(bromomethyl)but-2-en-1-ol (1.50g, 9.09 mmol) in CH,Cl, (45 mL) with stirring
at —20 °C. The reaction temperature was raised to room temperature and the stirring was
continued for 15 h. The reaction mixture was quenched with saturated aqueous NH,CI, and the
resulting mixture was extracted with CHCI;. The combined extracts were washed with saturated
aqueous NH,CI, water, and brine prior to drying and solvent evaporation. The crude was purified
by flash column chromatography on silica gel with hexane—EtOAc (100:0—20:1) to give TBS

ether (2.07 g, 82%) as a colorless oil.
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TBS ether : *H NMR (400 MHz) &: 0.10 (s, 6H), 0.92 (s, 9H), 1.73 (dt, J = 7.0, 1.2 Hz, 3H),
4.07 (s, 2H), 4.20 (gn, J = 1.2 Hz, 2H), 5.73 (qt, J = 7.0, 1.2 Hz, 1H); *C NMR (100 MHz) §:
-5.3 (2C), 13.1, 18.3, 25.9 (3C), 27.3, 64.9, 126.2, 136.2; IR (KBr) cm™: 1667; MS (CI) m/z: 279
[M+H]" ; HRMS (CI) m/z: calcd for Cy3;H24BrOSi (MH"): 279.0779, found: 279.0787 [M+H]".

tBuOK (1.74 g, 15.5 mmol) was added to a solution of the TBS ether (1.97 g, 7.05 mmol) and
benzyl alcohol (1.52 g, 14.1 mmol) in THF (35 mL) with stirring at room temperature under Ar.
The stirring was continued for 10 h. The reaction was quenched with saturated aqueous NH,CI
and the mixture was extracted with EtOAc. The combined extracts were washed with saturated
aqueous NH,CI, water, and brine prior to drying and solvent evaporation. The crude was purified
by flash column chromatography on silica gel with hexane—EtOAc (15:1) to give 1m (1.69 g,
78%) as a colorless oil.

1m : *H NMR (400 MHz) §: 0.06 (s, 6H), 0.91 (s, 9H), 1.68 (br d, J = 6.9 Hz, 3H), 4.08 (s, 2H),
4.17 (br s, 2H), 4.48 (s, 2H), S5 5.76 (br g, J = 6.9 Hz, 1H), 7.25-7.34 (m, 5H); *C NMR (100
MHz) §: -5.34 (2C), 13.1, 18.4, 26.0 (3C), 64.9, 65.5, 72.0, 124.4, 127.5, 127.7 (2C), 128.3 (2C),
135.8, 138.6; IR (KBr) cm™: 1496; MS (FAB) m/z: 307 [M+H]"; HRMS (FAB) m/z: calcd for

C13H31028i: 307.2093, found: 307.2086 [M+H]+

(2)-1-Benzyloxy-2-(methoxymethyl)but-2-ene (1n)

Tetrabutylammonium fluoride (1 M solution in THF, 4.65 mL, 4.65 mmol) was added to a
solution of 1m (950 mg, 3.10 mmol) in THF (16 mL) at 0 °C under Ar and the stirring was
continued for 2 h. The reaction was quenched with saturated aqueous NH,4CI, and the resulting
mixture was extracted with EtOAc. The combined extracts were washed with saturated aqueous
NH,4CI, water, and brine prior to drying and solvent evaporation. The crude residue was purified
by flash column chromatography on silica gel with n-hexane-EtOAc (3:1—2:1—1:1) to give
alcohol (596 mg, quant.) as a colorless oil. tBuOK (405 mg, 3.61 mmol) was added to a solution

of the alcohol (346 mg, 1.80 mmol) in THF (9.0 mL) with stirring at 0 °C under Ar. After 10 min,
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Mel (0.13 mL, 2.71 mmol) was added to the mixture at 0 °C and the stirring was continued at the
temperature. After 20 min, the mixture was stirred at room temperature for 4 h. The reaction was
quenched with saturated aqueous NH,4CI, and the resulting mixture was extracted with EtOAc.
The combined extracts were washed with saturated aqueous NH,4CI, water, and brine prior to
drying and solvent evaporation. The crude residue was purified by flash column chromatography
on silica gel with hexane—EtOAc (5:1) to give 1n (354 mg, 95%) as a colorless oil.

1n : *H NMR (400 MHz) &: 1.70 (br d, J = 6.9 Hz, 3H), 3.31 (s, 3H), 3.93 (br s, 2H), 4.09 (s,
2H), 4.50 (s, 2H), 5.77 (br g, J = 7.0 Hz, 1H), 7.25-7.35 (m, 5H); *C NMR (100 MHz) &: 13.2,
57.9, 64.9, 72.1, 75.2, 127.5, 127.7 (2C), 127.8, 128.3 (2C), 133.7, 138.5; IR (KBr) cm*: 1496;
MS (CI) m/z: 207 [M+H]"; HRMS (CI) m/z: calcd for Cy3H190,: 207.1385, found: 207.1397

[M+H]".

(1R,25)-1-(3-Methoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
[(1IR,2S)-2c]

Colorless oil (95% ee) : [0]o?? —12.2 (¢ 0.73, CHCIs).

[Daicel Chiralpak AS-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tg (major) = 5.94 min, tg

(minor) = 6.73 min]

(1R,25)-1-(2-Methoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
[(1R,2S)-2d]

Colorless oil (42% ee).

[Daicel Chiralpak AD-H, hexane:iPrOH = 99:1 (1 mL/min), 254 nm, tg (major) = 5.08 min, tg

(minor) = 3.96 min]

(1R,25)-1-(3,4-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol

[(LR,2S)-2¢]

71



Colorless oil (87% ee) : [0]o** —12.2 (c 0.85, CHCIs).
[Daicel Chiralpak AD-H, hexane:iPrOH = 98:2 (1 mL/min), 254 nm, tg (major) = 10.77 min, tg

(minor) = 9.35 min]

(1R,25)-1-(3,5-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
[(1R,25)-2f]

Colorless oil (85% ee) : [0]o> —10.3 (¢ 1.74, CHCIs).

[Daicel Chiralpak AD-H, hexane:iPrOH = 99:1 (1 mL/min), 254 nm, tg (major) = 9.43 min, tg

(minor) = 7.81 min]

(1R,25)-1-(2,3-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
[(1R,2S)-20]

Colorless oil (17% ee).

[Daicel Chiralcel OD-H, hexane:iPrOH = 99:1 (1 mL/min), 254 nm, tz (major) = 9.69 min, tg

(minor) = 8.37 min]

(1R,25)-1-(2,5-Dimethoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
[(1R,2S)-2h]

Colorless oil (22% ee).

[Daicel Chiralpak AS-H, hexane:iPrOH = 99:1 (0.5 mL/min), 254 nm, tg (major) = 6.93 min, tg

(minor) = 7.76 min]

(1R,2S)-2-Methyl-3-(triisopropylsilyloxymethyl)-1-(3,4,5-trimethoxyphenyl)but-3-en-1-
ol [(1R,2S)-2i]
Colorless oil (85% ee) : [a]p*> —12.7 (¢ 0.72, CHCl).

[Daicel Chiralpak AD-H, hexane:iPrOH = 95:5 (1 mL/min), 254 nm, tg (major) = 6.92 min, tg
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(minor) = 5.08 min]

(1R,2S)-2-Methyl-1-phenyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol [(1R,2S)-2j]
Colorless oil (39% ee).
[Daicel Chiralpak AD-H, hexane:iPrOH:TFA = 99:1:0.1 (0.5 mL/min), 254 nm, tg (major) =

8.49 min, tg (minor) = 9.11 min]

(1R,25)-1-(2-Ethylphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol [(1R,2S)-2K]

Colorless oil (99% ee): [a]o®® +2.61 (¢ 1.40, CHCI3); *H NMR (400 MHz) &: 1.04 (d, J = 7.1
Hz, 3H), 1.05-1.17 (m, 21H), 1.24 (t, J = 7.6 Hz, 3H), 2.55-2.61 (m, 1H), 2.59 (dq, J = 14.8, 7.6
Hz, 1H), 2.75 (dq, J = 14.8, 7.6 Hz, 1H), 2.99 (d, J = 0.98 Hz, 1H), 4.09 (d, J = 13.1 Hz, 1H), 4.27
(d, J = 13.1 Hz, 1H), 5.06 (br s, 1H), 5.07 (dd, J = 3.2, 2.4 Hz, 1H), 5.19 (br s, 1H), 7.15-7.21 (m,
3H), 7.54 (dd, J = 5.2, 3.8 Hz 1H); *C NMR (100 MHz) &: 12.0 (3C), 12.1, 15.3, 18.0 (6C), 24.9,
43.5, 65.7, 71.9, 112.3, 125.5, 126.5, 127.0, 128.2, 140.2, 140.3, 151.2; IR (KBr) cm™: 3416,
1650, 1486; MS (FAB) m/z: 377 [M+H]"; HRMS (FAB) m/z: calcd for Cy3H,10,Si: 377.2876,
found: 377.2857 [M+H]".

[Daicel Chiralpak AD-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tzr (major) = 5.90 min]

(1R,2S)-1-(2-Biphenyl)-2-methyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol [(1R,2S)-2I]
Colorless oil (92% ee): [o]p** —3.28 (¢ 1.43, CHCls); *H NMR (400 MHz) &: 0.86 (d, J = 7.1
Hz, 3H), 1.01-1.09 (m, 21H), 2.17 (qd, J = 7.1, 2.9 Hz, 1H), 2.86 (d, J = 2.0 Hz, 1H), 3.63 (d, J =
13.9 Hz, 1H), 3.78 (d, J = 13.9 Hz, 1H), 4.56 (br s, 1H), 4.95 (t, J = 2.3 Hz, 1H), 5.04 (br s, 1H),
7.16 (dd, J = 7.6, 1.5 Hz, 1H), 7.25-7.42 (m, 7H) 7.68 (br d, J = 7.8 Hz, 1H); *C NMR (100
MHz) &: 11.0, 11.9 (3C), 18.0 (6C), 42.4, 64.9, 71.9, 111.2, 126.4, 126.6, 127.1, 127.2, 128.2 (2C),
129.2 (2C), 129.8, 139.8, 140.3, 141.4, 150.7; IR (KBr) cm*: 3417, 1650, 1598; MS (FAB) m/z:

425 [M+H]"; HRMS (FAB) m/z: calcd for Cy7H410,Si: 425.2876, found: 425.2863 [M+H]".
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[Daicel Chiralcel OD-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tgr (major) = 6.75 min, tg

(minor) = 5.48 min]

(1R,2S)-3-(tert-Butyldimethylsilyloxymethyl)-2-methyl-1-phenylbut-3-en-1-ol (2m)

Colorless oil (91% ee) : [0]p* —7.30 (c 0.36, CHCI3); *H NMR (400 MHz) &: 0.08 (s, 3H), 0.09
(s, 3H), 0.92 (s, 9H), 0.98 (d, J = 7.1 Hz, 3H), 2.60 (qd, J = 7.1, 3.9 Hz, 1H), 3.13 (d, J = 2.2 Hz,
1H), 4.00 (d, J = 12.9 Hz, 1H), 4.15 (d, J = 12.9 Hz, 1H), 4.80 (dd, J = 3.9, 2.2 Hz, 1H), 4.98 (br s,
1H), 5.15 (br s, 1H), 7.23 (tt, J = 6.8, 2.0 Hz, 1H), 7.30-7.37 (m, 4H); *C NMR (100 MHz) &:
-5.5, -5.4, 12.4, 18.3, 25.9 (3C), 45.1, 65.8, 76.0, 112.9, 126.2 (2C), 126.9, 127.9 (2C), 143.0,
150.4; IR (KBr) cm™: 3420, 1651, 1604, 1494; MS (FAB) m/z: 307 [M+H]"; HRMS (FAB) m/z:
calcd for CygH310,Si: 307.2093, found: 307.2095 [M+H]".

[Daicel Chiralpak AS-H, hexane:iPrOH =98:2 (0.5 mL/min), 254 nm, tg (major) = 5.14 min, tg

(minor) = 5.55 min]

(1R,25)-3-(Methoxymethyl)-2-methyl-1-phenylbut-3-en-1-ol (2n)

Colorless oil (29% ee): *H NMR (400 MHz) §: 0.98 (d, J = 7.1 Hz, 3H), 2.66 (qd, J = 7.1, 3.7
Hz, 1H), 3.19 (d, J = 2.4 Hz, 1H), 3.35 (s, 3H), 3.76 (dd, J = 12.0, 0.7 Hz, 1H), 3.98 (d, J = 12.0,
1.0 Hz, 1H), 4.81 (t, J = 3.1 Hz, 1H), 5.07 (br s, 1H), 5.17 (br s, 1H), 7.22-7.37 (m, 5H); **C
NMR (100 MHz) &: 12.2, 45.3, 57.9, 75.0, 76.0, 115.3, 126.1 (2C), 126.9, 127.9 (2C), 142.9,
147.9 IR (KBr) cm*: 3418, 1649, 1603 1494; MS (FAB) m/z: 189 [M+H-18]"; HRMS (FAB)
m/z: calcd for Cy3H,70: 189.1279, found: 189.1277 [M+H-18]".

[Daicel Chiralpak AS-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tz (major) = 10.19 min,

tr (minor) = 12.88 min]
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(1R,2S)-2,3-dimethyl-1-phenylbut-3-en-1-ol (20)
20 (63% ee) : 'H and *C NMR spectral data were with the reported value. 3
[Daicel Chiralpak AD-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tg (major) = 11.46 min,

tr (minor) = 10.54 min]

(1R,2S)-2-methyl-1-phenylbut-3-en-1-ol (2p)
2p (38% ee) : 'H and **C NMR spectral data were identical with the reported value. *”
[Daicel Chiralpak AS-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tg (major) = 9.65 min, tg

(minor) = 11.96 min]

(3R,4S,5R)-3,4-Dimethyl-5-(3,4,5-trimethoxyphenyl)dihydrofuran-2(3H)-one [(3R,4S,5R)-9i]

Compound (1R,2S)-2i was converted into unsaturated y-lactone (13.7 mg, 66% in two steps) as
a colorless oil in the same manner that described for the procedure of compound syn-3d. A
solution of the unsaturated y-lactone (13.7 mg, 0.049 mmol) in toluene (0.50 mL) was
hydrogenated in the presence of Rh(PPhs)3Cl (45.5 mg, 0.049 mmol) under hydrogen (1 atm) at
room temperature. The mixture was stirred for 1 d and the solvent was evaporated. The residue
was purified by PTLC with hexane-EtOAc (2:1) to give (3R,4S,5R)-9i (8.0 mg, 58%) as a
colorless oil.

(3R,4S,5R)-9i : [o]p™ +67.3 (c 0.34, CHCI3) [lit.® [a]p?* +57.1 (c 0.2, CHCI3)]. *H NMR

spectral data was identical with the reported value. 2%
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(R)-a-Deuteriobenzyl alcohol [(R)-13a-d]

TPAP (56 mg, 0.16 mmol) was added to a mixture of a,a-dideuteriobenzyl alcohol 11a (1.76 g,
16.0 mmol), 4A molecular sieves (8.0 g), and NMO (2.88 g, 24.0 mmol) in CH,Cl, (56 mL) with
stirring at rt under Ar and the whole was stirred at the temperature for 16 h. After diluted with
CH,CI,, the mixture was filtered through a pad of Celite and the filtrate was washed with 10%
HCI, water, saturated aqueous NaHCOs, and brine prior to drying and solvent evaporation. The
crude was used without further purification because of instability of the product for air oxidation
to give benzaldehyde-a-d 12a (1.70 g) as a grey oil.

A 1 M THF solution of catecholborane (24.0 mL, 24.0 mmol) was added dropwise to a mixture
of (S)-2-methyl-CBS-oxazaborolidine (1 M toluene solution) (4.96 mL, 4.96 mmol) and 12a (1.70
g) in a mixed solvent of toluene—methylcyclohexane—CH,ClI, (2:2:1, v/v) (178 mL) with stirring at
—78 °C. After the mixture was stirred for 3.5 h at this temperature, 4 M HCI in AcOEt (3 mL) and
MeOH (19 mL) were added to the mixture. The mixture was washed with 1 M NaOH aqueous
solution prior to drying and solvent evaporation. The residue was chromatographed on silica gel
eluting with hexane—-EtOAc (3:1) to give (R)-13a-d (1.15 g, 66% in two steps) as a colorless oil
(94% ee).

(R)-13a-d : [o]p** —1.35 (c 0.57, CHCI5) [lit.* [a]p® —1.4 (c 3.0, CHCI3)]; *H NMR (400 MHz)
§: 1.70 (d, J=4.9 Hz, 1H), 4.68 (br s, 1H), 7.26-7.42 (m, 5H); *C NMR (100 MHz) &: 64.3 (t,
Jepy=21.5 Hz), 126.8 (2C), 127.3, 128.3 (2C), 140.7; IR (KBr) cm™: 3308, 2135, 1496; MS (EI)

m/z: 109 [M]*; HRMS (EI) m/z: calcd for C;H,DO: 109.0638, found: 109.0635 [M]".
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(S)-a-Deuteriobenzyl alcohol [(S)-13a-d]
The compound was synthesized in a similar manner that as described in (R)-13a-d. The spectral
data was identified with those of the (R)-enantiomer.

Colorless oil (93% ee) : [o]p** +1.37 (¢ 0.57, CHCIs) [lit.?? [a]p® +1.4 (c 3.0, CHCI5)].

(R)-a-Deuterio-2-methoxybenzyl alcohol [(R)-13d-d]

TPAP (53 mg, 0.15 mmol) was added to a mixture of a,a-dideuterio-2-methoxybenzyl alcohol
9d (2.09 g, 14.9 mmol), 4A molecular sieves (7.5 g), and NMO (2.62 g, 22.4 mmol) in CH,Cl,
(50 mL) with stirring at rt under Ar and the whole was stirred at the temperature for 2.5 h. NMO
(175 mg, 1.5 mmol) was added to the solution and the additional stirring was continued to 1.5 h.
After diluted with CH,Cl,, the mixture was filtered through a pad of Celite and the filtrate was
washed with 10% HCI, water, saturated NaHCOs, and brine prior to drying and solvent
evaporation. The crude was chromatographed on silica gel eluting with hexane—EtOAc (5:1) to
give 2-methoxybenzaldehyde-a-d 12d (1.79 g, 88%) as a colorless oil.

(S)-Ru(OAC),(binap) (105 mg, 0.124 mmol) and aqueous 0.2 N HCI solution (3.1 mL, ca. 5 eq
to Ru) were added to a solution of 12d (568mg, 4.14 mmol) in THF—MeOH (4:1) (20 mL). The
mixture was stirring at room temperature for 24 h under H,at 0.4 MPa. Then, the solution was
poured to water and organic layer was separated. The aqueous layer was extracted with EtOAC
and the combined organic layer was washed with brine prior to drying and solvent evaporation.
The residue was chromatographed on silica gel eluting with hexane—-EtOAc (3:1 — 2:1) to give
(R)-13d-d (558 mg, 97%) as a pale yellowish green oil (90% ee).

(R)-13d-d : [0]p??—1.6 (c 3.14, CHCI3); *H NMR (400 MHz) &: 2.30 (s, 1H), 3.87 (s, 3H), 4.67
(s, 1H), 6.89 (d, J = 7.8 Hz, 1H), 6.95 (t, J = 7.4 Hz, 1H), 7.26-7.31 (m, 2H); *C NMR (100
MHz) &: 55.2, 61.7 (t, Jc, by = 22.3 Hz), 110.2, 120.6, 128.7, 128.9, 129.0, 157.4; IR (KBr) cm™:
3341, 2131, 1603, 1492; MS (EI) m/z: 139 [M]"; HRMS (EI) m/z: calcd for CgHgDO,: 139.0736,

found: 139.0743 [M]".
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(S)-a-Deuterio-2-methoxybenzyl alcohol [(S)-13d-d]
The compound was synthesized in a similar manner that as described in (R)-11d-d. The spectral
data was identified with those of the (R)-enantiomer.

Pale yellowish green oil (90% ee) : [a]o? +1.6 (c 3.14, CHCI5).

General procedure of synthesis of substrates for [2,3]-Wittig rearrangement:

tBuOK (438 mg, 3.90 mmol) was added to a solution of benzyl alcohol (R)- or (S)-13-d (3.00
mmol) and bromide 6 (3.30 mmol) in dry THF (20 mL) with stirring at rt under Ar. After the
stirring was continued for 1 d, the reaction was quenched with saturated NH,CI. The mixture was
partitioned between EtOAc and water. The organic layer was separated and the aqueous layer was
extracted with EtOAc. The combined organic layer was washed with water and brine prior to
drying and solvent evaporation. The residue was chromatographed on silica gel with

hexane—EtOAc (50:1) to give ether (R)- or (S)-1-d.

(R,E)-1-[a-Deuterio(benzyl)oxy]-2-(triisopropylsilyloxymethyl)but-2-ene [(R)-1a-d]

Colorless oil : *H NMR (400 MHz) &: 0.90-1.20 (m, 21H), 1.69 (d, J = 7.1 Hz, 3H), 4.09 (s,
2H), 4.25 (s, 2H), 4.45 (s, 2H), 5.80 (g, J = 7.1 Hz, 1H), 7.23-7.37 (m, 5H); **C NMR (100 MHz)
8: 12.0 (3C), 13.0, 10.0 (6C), 64.9, 65.5, 71.6 (t, Jcpy = 21.5 Hz), 123.7, 127.5, 127.7 (2C),
128.3 (2C), 135.8, 138.5; IR (KBr) cm™: 2116, 1495; MS (FAB) m/z: 350 [M+H]"; HRMS (FAB)

m/z: calcd for C,1H3sD0,Si: 350.2626, found: 350.2653 [M+H]".

(S,E)-1-[a-Deuterio(benzyl)oxy]-2-(triisopropylsilyloxymethyl)but-2-ene [(S)-1a-d]

Colorless oil : The *H and *C NMR spectral data was identical to those of the (R)-enantiomer.

(R,E)-1-[a-Deuterio(2-methoxybenzyl)oxy]-2-(triisopropylsilyloxymethyl)but-2-ene

[(R)-1d-d]

78



Colorless oil : *H NMR (400 MHz) &: 1.06-1.19 (m, 21H), 1.71 (br d, J = 6.9 Hz, 3H), 3.82 (s,
3H), 4.13 (s, 2H), 4.26 (br s, 2H), 4.49 (s, 1H), 5.80 (q, J = 6.9 Hz, 1H), 6.86 (dd, J = 8.1, 0.9 Hz,
1H), 6.94 (td, J = 7.4, 0.9 Hz, 1H), 7.25 (td, J = 8.1, 1.7 Hz, 1H), 7.37 (d, J = 7.4, 1.7 Hz, 1H); **C
NMR (100 MHz) 5: 12.0 (3C), 13.0, 18.0 (6C), 55.3, 65.3, 65.5, 66.3 (t, Jcp) = 21.5 Hz), 110.1,
120.4, 123.4,127.0, 128.5, 128.9, 136.1, 157.1; IR (KBr) cm™: 2119, 1603, 1492; MS (FAB) m/z:

380 [M+H]*; HRMS (FAB) m/z: calcd for C,,HgsDO5Si: 380.2731, found: 380.2750 [M+H]".

(S,E)-1-[a-Deuterio(2-methoxybenzyl)oxy]-2-(triisopropylsilyloxymethyl)but-2-ene
[(S)-1d-d]
Colorless oil : The *H and **C NMR spectral data were identified to those of the

(R)-enantiomer.

General procedure for preparation of MTPA esters of 13a-d:

(R)- or (S)-MTPACI (0.200 mmol) was added to a solution of (S)- or (R)-13a-d (0.100 mmol)
in pyridine (0.33 mL) with stirring at rt. The stirring was continued for 1.5 h at this temperature.
N,N-dimethyl-1,3-propanediamine (0.200 mmol) was added, and after 10 min of standing, the
solvent was evaporated. The residue was purified by PTLC with hexane—EtOAc (6:1) to give (S)-

or (R)-MTPA ester of (S)- or (R)-13a-d.

(S)-a-Deuteriobenzyl (S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate [(S)-MTPA ester of
(S)-13a-d]
Colorless oil : '"H NMR (400 MHz) &: 3.51 (g, J = 1.2 Hz, 3H), 5.35 (s, 1H), 7.31-7.38 (m, 8H),

7.45 (d, J = 7.3 Hz, 2H): 2H NMR (61 MHz, CHCls) &: 5.33 (br s, 1D).

(S)-a-Deuteriobenzyl (R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate [(R)-MTPA ester of

(S)-13a-d]
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Colorless oil : '"H NMR (400 MHz) &: 3.51 (g, J = 1.2 Hz, 3H), 5.30 (s, 1H), 7.31-7.38 (m, 8H),

7.45 (d, J = 7.3 Hz, 2H); ?H NMR (61 MHz, CHCls) &: 5.37 (br s, 1D).

(R)-a-Deuteriobenzyl (S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate [(S)-MTPA ester of
(R)-13a-d]

Colorless oil : *H and °H NMR spectra was identical with (R)-MTPA ester of (S)-13a-d.

(R)-a-Deuteriobenzyl (R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate [(R)-MTPA ester of
(R)-13a-d]

Colorless oil : *H and ?H NMR spectra was identical with (S)-MTPA ester of (S)-13a-d.

General procedure for preparation of MTPA esters of 13d-d:

(R)- or (S)-MTPACI (0.080 mmol) was added to a solution of (S)- or (R)-13d-d (0.053 mmol)
in pyridine (0.18 mL) with stirring at rt. After the mixture was stirred for 2 h at the temperature,
saturated NaHCO; was added to the mixture. The mixture was washed with 2M HCI aqueous
solution, water, and brine prior to drying and solvent evaporation. The residue was purified by

PTLC with hexane-EtOAc (5:1) to give (S)- or (R)-MTPA ester of (S)- or (R)-13d-d.

(S)-a-Deuterio-2-methoxybenzyl (S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate
[(S)-MTPA ester of (S)-13d-d]

Colorless oil : [a]p*® —38.6 (¢ 1.11, CHCI3); *"H NMR (400 MHz) &: 3.54 (q, J = 1.1 Hz, 3H),
3.78 (s, 3H), 5.40 (s, 1H), 6.87 (d, J = 8.3 Hz, 1H), 6.92 (t, J = 7.4 Hz, 1H), 7.27-7.39 (m, 5H),

7.51 (d, J = 7.8 Hz, 2H); 2H NMR (61 MHz, CHCI3) 8: 5.37 (br s, 1D).

(S)-a-Deuterio-2-methoxybenzyl (R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate

[(R)-MTPA ester of (S)-13d-d]
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Colorless oil : [o]p? +37.9 (c 1.08, CHCI3); *H NMR (400 MHz) &: 3.54 (q, J = 1.1 Hz, 3H),
3.78 (s, 3H), 5.33 (s, 1H), 6.87 (d, J = 8.3 Hz, 1H), 6.92 (t, J = 7.4 Hz, 1H), 7.27-7.39 (m, 5H),

7.51 (d, J = 7.8 Hz, 2H); 2H NMR (61 MHz, CHCly) : 5.43 (br s, 1D).

(R)-a-Deuterio-2-methoxybenzyl (S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate
[(S)-MTPA ester of (R)-13d-d]
Colorless oil : [0]p?® —-37.3 (¢ 0.92, CHCI3); *H and 2H NMR spectra was identical with

(R)-MTPA ester of (S)-13d-d.

(R)-a-Deuterio-2-methoxybenzyl (R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate
[(R)-MTPA ester of (R)-13d-d]
Colorless oil : [a]o® +37.5 (c 0.84, CHCIls); *H and ?H NMR spectra was identical with

(S)-MTPA ester of (S)-13d-d.
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General procedure of [2,3]-Wittig rearrangement:

tBuLi (1.58 M in pentane, 1.27 mmol) was added to a solution of allyl benzyl ether (R)- or
(S)-1-d (0.127 mmol) and L1 (0.127 mmol) in dry hexane (0.64 mL) with stirring at —78 °C under
Ar. The stirring was continued for 2 h at this temperature. The reaction mixture was quenched
with saturated aqueous NH,Cl and allowed to warm to room temperature. The resulting mixture
was extracted with EtOAc. The combined extracts were washed with saturated aqueous NH,CI,
water, and brine prior to drying and solvent evaporation. The crude was purified by PTLC (SiO,)

with hexane—EtOAc (7:1) to give 2-d.

(1R,2S)-1-Deuterio-2-methyl-1-phenyl-3-(triisopropylsilyloxymethyl)but-3-en-1-ol
[(1R,2S)-2a-d]

Colorless oil (97% ee) : [o]p?’ —11.7 (c 1.45, CHCIs); *H NMR (400 MHz) &: 0.99 (d, J = 7.1
Hz, 3H), 1.05-1.16 (m, 21H), 2.60 (q, J = 7.1 Hz, 1H), 3.04 (s, 1H), 4.08 (d, J = 12.9 Hz, 1H),
4.22 (d, J = 12.9 Hz, 1H), 4.98 (br s, 1H), 5.20 (br s, 1H), 7.21-7.37 (m, 5H); ©*C NMR (100
MHz) 5: 11.9 (3C), 12.5, 18.0 (6C), 44.8, 66.0, 75.5 (t, Jc.p) = 21.5 Hz), 112.6, 126.2 (2C), 126.9,
127.9 (2C), 142.9, 1505 IR (KBr) cm*: 3411, 2129, 1651, 1603, 1494; MS (FAB) m/z: 350
[M+H]"; HRMS (FAB) m/z: calcd for C,1H3sD0O,Si: 350.2626, found: 350.2612 [M+H]".

[Daicel Chiralcel OD-H, hexane:iPrOH = 98:2 (0.5 mL/min), 254 nm, tr (major) = 7.75 min, tg

(minor) = 8.59 min]

(1R,2S)-1-Deuterio-1-(2-methoxyphenyl)-2-methyl-3-(triisopropylsilyloxymethyl) but-3-en-1-
ol [(1R,2S)-2d-d]
Colorless oil (61% ee) : [a]p?® 6.2 (c 0.46, CHCIs); *H NMR (400 MHz) &: 1.01 (d, J = 7.1 Hz,

3H), 1.06-1.16 (m, 21H), 2.65 (g, J = 7.1 Hz, 1H), 3.00 (s, 1H), 3.83 (s, 3H), 4.10 (d, J = 13.6 Hz,
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1H), 4.19 (d, J = 13.6 Hz, 1H), 5.02 (s, 1H), 5.20 (s, 1H), 6.85 (d, J = 7.9 Hz, 1H), 6.94 (t, J = 7.4
Hz, 1H), 7.21 (td, J = 7.9 ,1.5 Hz, 1H), 7.40 (dd, J = 7.4, 1.5 Hz, 1H); *C NMR (100 MHz) &:
12.0 (3C), 12.7, 18.0 (6C), 42.1, 55.2, 65.6, 71.8 (t, Jcpy = 22.3 Hz), 110.1, 111.0, 120.4, 127.8,
127.8, 131.0, 151.3, 156.1 IR (KBr) cm™: 3423, 2163, 1650, 1602, 1491; MS (FAB) m/z: 380
[M+H]"; HRMS (FAB) m/z: calcd for C,,H3sD03Si: 380.2731, found: 380.2744 [M+H]".

[Daicel Chiralpak AD-H, hexane:iPrOH = 99:1 (1.0 mL/min), 254 nm, tgr (major) = 5.68 min, tg

(minor) =5.01 min]
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(3',4,4'5,5",6-Hexamethoxybiphenyl-2-yl)methanol (16)

Pd(OAC), (20 mg, 0.0093 mmol, 1.0 mol%), 2-(dicyclohexylphosphino)biphenyl (65 mg, 0.186
mmol, 2.0 mol%), 2-bromo-3,4,5-trimethoxybenzylic alcohol 15 *? (257 g, 9.30 mmol),
3,4,5-trimethoxyboronic acid 14 (2.97 g, 14.0 mmol), and K3PO, (3.95 g, 18.6 mmol) were placed
in an oven-dried three-necked flask. After the flask was evacuated and backfilled with Ar, dry
toluene (26 mL) was added to the mixture. The suspension was then sonicated, evacuated, and
backfilled with Ar, and this cycle was repeated three times. The entire flask was then heated at
80-90 °C with stirring for 10 h. After cooling, the reaction mixture was diluted with ether and
washed with 1IN NaOH. The aqueous layer was extracted twice with ether, and the combined
organic layers were washed with brine prior to drying and solvent evaporation. The residue was
chromatographed on silica gel with hexane—EtOAc (1:2) to give 16 (2.57 g, 76%) as a colorless
oil.

16 : *H NMR (400 MHz) &: 1.63 (t, J = 5.6 Hz, 1H), 3.69 (s, 3H), 3.84 (s, 6H), 3.90 (s, 3H),
3.91 (s, 3H), 3.93 (s, 3H), 4.44 (d, J = 5.6 Hz, 2H), 6.48 (s, 2H), 6.90 (s, 1H); **C NMR (100
MHz) &: 56.00, 56.04 (2C), 60.83, 60.85, 61.22, 63.00, 106.95, 107.05 (2C), 127.86, 131.41,
134.48, 136.93, 141.43, 151.23, 152.83 (2C), 152.87; IR (KBr) cm™: 3496, 3066, 1584; MS
(FAB): m/z: 365 [M+H]"; HRMS (FAB): m/z: calcd for Ci9H2507: 365.1600, found: 365.1583

[M+H]".

(4,5,6-Trimethoxy-3',4'-methylenedioxybiphenyl-2-yl)methanol (18)

Compound 18 was prepared from 15 and boronic acid 17 in a similar manner as described for
the procedure of the compound 16.

Colorless oil : *H NMR (400 MHz) &: 1.64 (d, J = 6.3 Hz, 1H), 3.63 (s, 3H), 3.89 (s, 3H), 3.91

(s, 3H), 4.41 (d, J = 4.9 Hz, 2H), 6.03 (s, 2H), 6.69 (dd, J = 7.8, 1.6 Hz, 1H), 6.74 (d, J = 1.6 Hz,
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1H), 6.86 (d, J = 7.8 Hz, 1H), 6.88 (s, 1H); *C NMR (100 MHz) &: 56.01, 60.87, 61.05, 63.05,
101.02, 106.93, 108.09, 110.51, 123.19, 127.55, 129.45, 134.72, 141.49, 146.72, 147.41, 151.47,
152.84; IR (KBr) cm™: 3469, 3068, 1598; MS (FAB) m/z: 319 [M+H]" ; HRMS (FAB) m/z: calcd

for C17H1906: 319.1182, found: 319.1194 [M+H]".

(3',4',5',6-Tetramethoxy-4,5-methylenedioxybiphenyl-2-yl)methanol (21)

The biaryl ester was prepared from bromoester 20 *¥ and boronic acid 14 in a similar manner as
described for the procedure of the compound 16. Yield 94%.

Colorless needles : Mp 88-89 °C (ether); *H NMR (400 MHz) &: 0.94 (t, J = 7.1 Hz, 3H), 3.83
(9H, s), 3.89 (s, 3H), 3.98 (g, J = 7.1 Hz, 3H), 6.05 (s, 2H), 6.45 (s, 2H), 7.03 (s, 1H); *C NMR
(100 MHz) &: 13.58, 56.01 (2C), 60.02, 60.77 (2C), 101.81, 104.23, 106.91 (2C), 126.48, 129.87,
132.20, 137.07, 139.82, 140.90, 148.20, 152.52 (2C), 167.89; IR (KBr) cm™: 1711, 1611, 1583;
MS (FAB) m/z: 391 [M+H]"; HRMS (FAB) m/z: calcd for CyoH230g: 391.1393, found: 391.1388
[M+H]".

DIBAL (1 M in hexane, 3.67 mL, 3.67 mmol) was added dropwise to a solution of the the
biaryl ester (550 mg, 1.41 mmol) in toluene (15 mL) at —78 °C under Ar and the mixture was
stirred at this temperature for 1.5 h. The reaction was then quenched with saturated aqueous
Rochelle salt, and the mixture was stirred for 50 min. The mixture was filtrated through Celite®.
The organic layer was separated and the aqueous layer was extracted with EtOAc. The combined
extracts were washed with brine prior to drying and solvent evaporation. The crude residue was
purified by flash column chromatography on silica gel with hexane—EtOAc (1:1) to give 21 (433
mg, 88%) as a colorless prisms.

21 : Mp 107108 °C (ether); *H NMR (400 MHz) &: 1.49 (t, J = 5.9 Hz, 1H), 3.83 (s, 3H), 3.84
(s, 6H), 3.90 (s, 3H), 4.35 (d, J = 5.9 Hz, 2H), 5.99 (2H, s), 6.45 (s, 2H), 6.78 (s, 1H); *C NMR
(100 MHz) &: 55.96 (2C), 59.88, 60.72, 62.81, 101.07, 102.80, 107.22 (2C), 127.31, 131.31,

133.42, 136.25, 136.90, 140.85, 148.45, 152.73 (2C); IR (KBr) cm™: 3471, 1618, 1583; MS
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(FAB) m/z: 349 [M+H]"; HRMS (FAB) m/z: calcd for CigHxO7: 349.1287, found: 349.1307

[M+H]"; Anal. Calcd for C1gH2007: C, 62.06; H, 5.79. Found: C, 62.16; H, 5.74.

General procedure for Williamson ether synthesis:

tBuOK (2.67 mmol) was added to a solution of benzyl alcohol 16 or 18 or 21 (1.98 mmol) and
bromide 6 (1.98 mmol) in dry THF (10 mL) with stirring at r.t. under Ar. After continued stirring
for 1 d, the reaction was quenched with saturated NH,Cl. The mixture was partitioned between
EtOAc and water. The organic layer was separated, and the aqueous layer was extracted with
EtOAc. The combined organic layers were washed with water and brine prior to drying and
solvent evaporation. The residue was chromatographed on silica gel with hexane—EtOAc (4:1) to

give ether 1.

(E)-1-[(3',4,4',5,5",6-Hexamethoxybiphenyl-2-yl)methoxy]-2-(triisopropylsilyloxymethyl)but-
2-ene (1q)

Colorless powder : Mp 51-52 °C (hexane). *H NMR (400 MHz) &: 1.00-1.10 (m, 21H), 1.64 (d,
J =7.1Hz, 3H), 3.67 (s, 3H), 3.84 (s, 6H), 3.899 (s, 3H), 3.903 (s, 3H) , 3.91 (s, 3H), 4.00 (s, 2H),
4.18 (s, 2H), 4.23 (m, 2H), 5.76 (q, J = 7.1 Hz, 1H), 6.47 (s, 2H), 6.87 (s, 1H); *C NMR (100
MHz) &: 11.98 (3C), 13.01, 17.97 (6C), 55.88, 56.02 (2C), 60.86 (2C), 61.19, 65.38, 65.41, 69.63,
107.13, 107.20 (2C), 123.57, 128.31, 131.53, 132.32, 135.67, 136.89, 141.39, 151.10, 152.68 (2C),
152.77; IR (KBr) cm™: 1583; MS (FAB) m/z: 605 [M+H]": HRMS (FAB) m/z: calcd for
Cas3Hs5,0gSi: 605.3510, found: 605.3500 [M+H]"; Anal. Calcd for Ca3Hs,06Si: C, 65.53; H, 8.67.

Found: C, 65.30; H, 8.52.

(E)-2-(Triisopropylsilyloxymethyl)-1-[(4,5,6-trimethoxy-3',4'-methylenedioxybiphenyl-2-
yl)methoxy]but-2-ene (1r)

Colorless oil : *H NMR (400 MHz) 6: 0.90-1.20 (m, 21H), 1.66 (d, J = 7.2 Hz, 3H), 3.62 (s,
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3H), 3.887 (s, 3H), 3.894 (s, 3H), 3.97 (s, 2H), 4.17 (s, 2H), 4.22 (s, 2H), 5.76 (g, J = 7.2 Hz, 1H),
6.00 (2H, s), 6.69 (dd, J = 8.0, 1.4 Hz, 1H), 6.74 (d, J = 1.4 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H),
6.86 (s, 1H); 3C NMR (100 MHz) &: 12.00 (3C), 13.03, 18.00 (6C), 55.87, 60.86, 60.99, 65.33,
65.50, 69.84, 100.93, 107.27, 107.84, 110.67, 123.38, 123.69, 128.02, 129.62, 132.50, 135.72,
141.42, 146.55, 147.19, 151.30, 152.67; IR (KBr) cm™: 3067, 1598; MS (FAB) m/z: 559 [M+H]";

HRMS (FAB) m/z: calcd for Ca;H,;0,Si: 559.3091, found: 559.3059 [M+H]".

(E)-1-[(3',4',5',6-Tetramethoxy-4,5-methylenedioxybiphenyl-2-yl)methoxy]-2-(triisopropyl-
silyloxymethyl)but-2-ene (1s)

Colorless oil : *H NMR (400 MHz) &: 0.90-1.20 (m, 21H), 1.63 (d, J = 6.8 Hz, 3H), 3.81 (s,
3H), 3.83 (s, 6H), 3.91 (s, 3H), 3.96 (s, 2H), 4.11 (s, 2H), 4.20 (s, 2H), 5.74 (g, J = 6.8 Hz, 1H),
5.97 (s, 2H), 6.44 (s, 2H), 6.76 (s, 1H); *C NMR (100 MHz) &: 11.98 (3C), 12.983, 17.97 (6C),
56.01 (2C), 59.98, 60.82, 65.17, 65.45, 69.66, 101.11, 103.29, 107.41 (2C), 123.56, 127.89,
131.23, 131.48, 135.80, 136.37, 136.93, 140.81, 148.48, 152.66 (2C); IR (KBr) cm™: 1618, 1583;
MS (FAB) m/z: 589 [M+H]"; HRMS (FAB) m/z: calcd for C3,H490gSi: 589.3197, found: 589.3177

[M+H]".
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General procedure for the [2,3]-Wittig rearrangement with a chiral ligand:

nBuLi (1.6 M in hexane, 2.00 mmol) was added dropwise to a suspension of ether 1 (0.40
mmol) and bis(oxazoline) ligand L1 (0.40 mmol) in a mixture of dry hexane (1.6 mL) and dry
ether (0.4 mL) with stirring at —78 °C under Ar. The stirring was continued at this temperature for
2 h. The reaction was then quenched with saturated NH,CI, and the mixture was partitioned
between EtOAc and water. The organic layer was separated, and the aqueous layer was extracted
with EtOAc. The combined organic layers were washed with water and brine prior to drying and
solvent evaporation. The residue was chromatographed on silica gel with hexane—EtOAc (1:1) to

give alcohol (1R,2S)-2.

(1R,25)-1-(3',4,4'5,5',6-Hexamethoxybiphenyl-2-yl)-2-methyl-3-[(triisopropylsilyloxy)methyl
Jbut-3-en-1-ol [(1R,2S5)-2q]

Colorless oil (89% ee) : [0]p?®—21.2 (c 0.72, CHCI,); *H NMR (400 MHz) &: 0.96 (d, J = 7.1
Hz, 3H), 1.00-1.10 (m, 21H), 2.35 (qd, J = 7.1, 3.2 Hz, 1H), 3.50 (br, 1H), 3.67 (s, 3H), 3.80 (s,
3H), 3.85 (s, 3H), 3.82 (d, J = 12.7 Hz, 1H), 3.89 (s, 6H), 3.93 (s, 3H), 4.03 (d, J = 12.7 Hz, 1H),
4.52 (s, 1H), 4.77 (d, J = 3.2 Hz, 1H), 4.97 (d, J = 1.2 Hz, 1H), 6.42 (d, J = 1.7 Hz, 1H), 6.47 (d, J
= 1.7 Hz, 1H), 7.04 (s, 1H); **C NMR (100 MHz) &: 11.16, 11.86 (3C), 17.85 (6C), 43.80, 55.93,
55.97, 56.16, 60.77, 60.84, 61.25, 65.09, 72.61, 105.74, 106.59, 108.01, 113.05, 127.31, 131.92,
136.39, 136.94, 140.86, 150.51, 150.96, 152.39, 152.79, 153.00; IR (KBr) cm™: 3477, 3097,
1586; MS (FAB) m/z: 605 [M+H]"; HRMS (FAB) m/z: calcd for Cs3Hs,08Si: 605.3510, found:
605.3528 [M+H]"; Anal. Calcd for C33Hs,0gSi: C, 65.53; H, 8.67. Found: C, 65.58; H, 8.62.

[Daicel Chiralpak AD-H, hexane:iPrOH = 98:2 (1 mL/min), 254 nm, tg (major) = 15.3 min, tg
(minor) = 11.4 min].

rac-2q (340 mg, 85%) as a colorless powder. Mp 94-95 °C (hexane).
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(1R,2S)-2-Methyl-3-[(triisopropylsilyloxy)methyl]-1-(4,5,6-trimethoxy-3",4'-methylenedioxy-
biphenyl-2-yl)but-3-en-1-ol (2r)

Colorless oil (91% ee, 1:1 Mixture of rotamers) : [a]o*>~22.7 (c 0.80, CHCI5); *H NMR (400
MHz) 5: 0.91 (d, J = 7.2 Hz, 1.5H), 0.94 (d, J = 7.2 Hz, 1.5H), 0.98-1.14 (21H, m), 2.18 (qd, J =
7.2, 2.8 Hz, 0.5H), 2.25 (qd, J = 7.2, 2.6 Hz, 0.5H), 2.83 (s, 0.5H), 2.89 (s, 0.5H), 3.61 (s, 1.5H),
3.62 (s, 1.5H), 3.70 (d, J = 13.7 Hz, 1H), 3.86 (d, J = 13.7 Hz, 1H), 3.88 (s, 1.5H) , 3.89 (s, 1.5H),
3.92 (s, 3H), 4.67 (d, J = 2.6 Hz, 0.5H), 4.71 (s, 1H), 4.77 (d, J = 2.8 Hz, 0.5H), 5.11 (d, J = 1.5
Hz, 0.5H), 5.13 (d, J = 1.2 Hz, 0.5H), 5.96-6.20 (m, 2H), 6.64 (dd, J = 7.9, 1.5 Hz, 0.5H),
6.67-6.71 (m, 1H), 6.72 (d, J = 1.5 Hz, 0.5H), 6.84 (d, J = 8.4 Hz, 0.5H), 6.86 (d, J = 7.9 Hz,
0.5H), 7.00 (s, 0.5H), 7.01 (s, 0.5H); 3C NMR (100 MHz) &: 11.01, 11.87 (1.5C), 11.89 (1.5C),
17.87 (3C), 17.90 (3C), 42.29 (0.5C), 42.57 (0.5C), 55.95, 60.79, 60.97 (0.5C), 61.08 (0.5C),
64.84 (0.5C), 64.98 (0.5C), 71.51 (0.5C), 71.62 (0.5C), 100.98, 105.69 (0.5C), 105.75 (0.5C),
107.91 (0.5C), 108.18 (0.5C), 110.19 (0.5C), 111.20 (0.5C), 111.40 (0.5C), 111.45 (0.5C), 122.73
(0.5C), 124.08 (0.5C), 126.72 (0.5C), 126.84 (0.5C), 129.86 (0.5C), 129.94 (0.5C), 136.29 (0.5C),
136.33 (0.5C), 140.86 (0.5C), 140.90 (0.5C), 146.49 (0.5C), 146.56 (0.5C), 147.37 (0.5C), 147.48
(0.5C), 150.58 (0.5C), 150.65 (0.5C), 151.18 (0.5C), 151.23 (0.5C), 152.36; IR (KBr) cm™: 3494,
3097, 1586; MS (FAB) m/z: 581 [M+Na]"; HRMS (FAB) m/z: calcd for C3;H460;SiNa: 581.2911,
found: 581.2912 [M+H]".

[Daicel Chiralpak AD-H, hexane:iPrOH = 98:2 (1 mL/min), 254 nm, tg (major) = 8.12 min, tg

(minor) = 9.45 min].

(1R,2S)-2-Methyl-1-(3",4",5' ,6-tetramethoxy-4,5-methylenedioxybiphenyl-2-yl)-3-[(triiso-
propylsilyloxy)methyl]but-3-en-1-ol (2s)
nBuLi (1.65 M in hexane) (1.95 mL, 3.20 mmol) was added dropwise to a suspension of ether

1s (180 mg, 0.32 mmol) and bis(oxazoline) ligand L1 (95 mg, 0.32 mmol) in a mixture of dry
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hexane (0.25 mL) and dry ether (0.30 mL) with stirring at —78 °C under Ar. The stirring was
continued at this temperature for 8 h. The regular work-up and purification afforded 2s in 54%
yield (77% based on consumed 1s).

Colorless oil (88% ee) : [a]p>—28.5 (c 0.69, CHCIs); *H NMR (400 MHz) &: 0.95 (d, J = 7.1
Hz, 3H), 0.95-1.15 (21H, m), 2.32 (qd, J = 7.1, 3.2 Hz, 1H), 3.36 (s, 1H), 3.80 (d, J = 12.7 Hz,
1H), 3.80 (s, 3H), 3.80 (s, 3H), 3.83 (s, 3H), 3.89 (s, 3H), 4.01 (d, J = 12.7 Hz, 1H), 4.49 (s, 1H),
4.66 (d, J = 3.2 Hz, 1H), 4.96 (s, 1H), 5.96 (s, 2H), 6.38 (d, J = 1.7 Hz, 1H), 6.44 (d, J = 1.7 Hz,
1H), 6.93 (s, 1H); **C NMR (100 MHz) &: 11.49, 11.88 (3C), 17.87 (6C), 43.77, 55.98, 56.15,
59.99, 60.83, 65.15, 72.93, 101.00, 101.77, 106.77, 108.28, 112.78, 126.76, 131.88, 135.57,
135.77, 137.02, 140.76, 148.26, 150.53, 152.76, 153.07; IR (KBr) cm™: 3519, 1618, 1582; MS
(FAB) m/z: 611 [M+Na]*; HRMS (FAB) m/z: calcd for C3,H,s0gSiNa: 611.3016, found: 611.3038
[M+Na]".

[Daicel Chiralpak AD-H, hexane:iPrOH = 95:5 (1 mL/min), 254 nm, tg (major) = 5.18 min, tg

(minor) = 11.15 min].
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General procedure for TIPS deprotection :

TBAF (1 M solution in THF, 1.54 mmol) was added to a solution of (1R,2S)-2 (0.51 mmol) in
THF (5 mL) at rt under Ar with stirring for 2 h. The reaction was then quenched with saturated
aqueous NH,CI, and the mixture was partitioned between EtOAc and water. The organic layer
was separated, and the aqueous layer was extracted with EtOAc. The combined extracts were
washed with saturated aqueous NH,ClI, water, and brine prior to drying and solvent evaporation.
The crude residue was purified by flash column chromatography on silica gel with hexane—EtOAc

(1:2) to give (1R,25)-22.

(1R,29)-1-(3’,4,4°,5,5°,6-Hexamethoxybiphenyl-2-yl)-2-methyl-3-methylenebutane-1,4-diol
[(1IR,2S)-22q]

Colorless oil : [¢]p*®—30.5 (c 0.54, CHCI5); *"H NMR (400 MHz) &: 0.95 (d, J = 7.0 Hz, 3H),
2.41 (qd, J = 7.0, 2.6 Hz, 1H), 3.69 (s, 3H), 3.70 (d, J = 12.7 Hz, 1H), 3.82 (d, J = 12.7 Hz, 1H),
3.82 (s, 3H), 3.86 (s, 3H), 3.89 (s, 3H), 3.90 (s, 3H), 3.93 (s, 3H), 4.60 (s, 1H), 4.77 (d, J = 2.6 Hz,
1H), 4.97 (s, 1H), 6.44 (d, J = 1.7 Hz, 1H), 6.47 (d, J = 1.7 Hz, 1H), 7.02 (s, 1H); **C NMR (100
MHz) &: 10.53, 43.21, 55.91, 56.02, 56.14, 60.71, 60.80, 61.18, 64.12, 72.32, 105.63, 106.65,
108.12, 113.12, 127.05, 131.85, 136.26, 136.85, 140.77, 150.77, 150.81, 152.30, 152.80, 152.95;
IR (KBr) cm™: 3450, 3070, 1583; MS (FAB) m/z: 471 [M+Na]*; HRMS (FAB) m/z: calcd for

C24H3,04g: 471.1995, found: 471.1985 [M+Na]".

(1R,2S)-2-Methyl-3-methylene-1-(4,5,6-trimethoxy-3',4'-methylenedioxybiphenyl-2-yl)-

butane-1,4-diol [(1R,2S)-22r]

Colorless oil (1:1 Mixture of rotamers) : [a]p® —33.7 (¢ 0.89, CHCIs); *H NMR (400 MHz) &:
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0.92 (d, J = 7.6 Hz, 1.5H), 0.94 (d, J = 7.2 Hz, 1.5H), 2.28-2.46 (1H, m), 3.617 (s, 1.5H), 3.624 (s,
1.5H), 3.71 (d, J = 13.0 Hz, 0.5H), 3.72 (d, J = 13.0 Hz, 0.5H), 3.82 (d, J = 13.0 Hz, 0.5H), 3.84
(d, J = 13.0 Hz, 0.5H), 3.89 (s, 3H), 3.94 (s, 3H), 4.61 (br s, 0.5H), 4.62 (br s, 0.5H), 4.71 (d, J =
3.2 Hz, 0.5H), 4.79 (d, J = 3.2 Hz, 0.5H), 4.97 (br s, 0.5H), 4.98 (br s, 0.5H), 6.00 (s, 2H), 6.66
(dd, J = 8.0, 1.6 Hz, 0.5H) , 6.67 (dd, J = 8.0, 1.6 Hz, 0.5H), 6.70 (d, J = 1.6 Hz, 0.5H), 6.71 (d, J
= 1.6 Hz, 0.5H), 6.86 (d, J = 8.0 Hz, 0.5H), 6.88 (d, J = 8.0 Hz, 0.5H), 6.99 (s, 1H); °C NMR
(100 MHz) §:10.94 (0.5C), 11.01 (0.5C), 42.70 (0.5C) , 42.95 (0.5C), 56.00, 60.82, 60.99 (0.5C),
61.09 (0.5C), 64.49, 72.18 (0.5C), 72.33 (0.5C), 101.01, 105.63 (0.5C), 105.68 (0.5C), 108.00
(0.5C), 108.21(0.5C), 110.23 (0.5C), 111.49 (0.5C), 112.96 (0.5C), 113.11 (0.5C), 122.75 (0.5C),
124.16 (0.5C), 126.82 (0.5C), 126.88 (0.5C), 129.75 (0.5C), 129.84 (0.5C), 136.46, 140.97 (0.5C),
141.01 (0.5C), 146.56 (0.5C), 146.62 (0.5C), 147.45 (0.5C), 147.52 (0.5C), 150.89 (0.5C), 150.92
(0.5C), 151.18 (0.5C), 151.23 (0.5C), 152.40; IR (KBr) cm™: 3359, 3070, 1597; MS (FAB) m/z:

425 [M+Na]". HRMS (FAB) m/z: calcd for Cy,H,s0;Na 425.1576, found 425.1582 [M+Na]".

(1R,2S)-2-Methyl-3-methylene-1-(3',4',5',6-tetramethoxy-4,5-methylenedioxybiphenyl-2-yl)-
butane-1,4-diol [(1R,2S)-22s]:

Colorless oil. [a]p®® —37.5 (c 0.85, CHCI5); *H NMR (400 MHz) &: 0.95 (d, J =7.1 Hz, 3H),
2.38 (dg, J = 7.1, 3.4 Hz, 1H), 3.69 (d, J = 13.0 Hz, 1H), 3.78 (d, J = 13.0 Hz, 1H), 3.823 (s, 3H),
3.828 (s, 3H), 3.847 (s, 3H), 3.897 (s, 3H), 4.64 (s, 1H), 4.67 (d, J = 3.4 Hz, 1H), 4.99 (d, J = 1.2
Hz, 1H), 5.98 (s, 2H), 6.40 (d, J = 1.7 Hz, 1H), 6.44 (d, J = 1.7 Hz, 1H), 6.90 (br s, 1H) ; *C
NMR (100 MHz) &: 11.02, 43.10, 56.14, 56.24, 60.00, 60.91, 64.45, 72.27, 101.06, 101.51,
106.84, 108.43, 112.90, 126.56, 131.84, 135.35, 135.78, 137.08, 140.75, 148.32, 150.91, 152.89,
153.17, 170.71; IR (KBr) cm*: 3353, 1618, 1583; MS (FAB) m/z: 455 [M+Na]*. HRMS (FAB)

m/z: calcd for C,3H,30gNa 455.1682, found: 455.1683 [M+Na]".
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General procedure for TEMPO oxidation:

TEMPO (0.043 mmol) and PhI(OAc), (0.47 mmol) were added to a solution of diol (0.43
mmol) in dry CH,Cl, (2.2 mL) with stirring at rt under Ar. After continued stirring at rt for 1 h,
additional PhI(OAc), (0.68 mmol) was added to the mixture. The entire mixture was then stirred
at rt for 3.5 h. Next, the mixture was diluted with CHCI;, and the resulting solution was stirred
with saturated Na,S,03. Thereafter, the organic layer was separated, and the aqueous layer was
extracted with CHCIz. The combined organic layers were washed with saturated NaHCO; and
brine prior to drying over Na,SO, and solvent evaporation. The residue was chromatographed on

silica gel with hexane—EtOAc (2:1) to give eupomatilone.

(+)-Eupomatilone 2

Pale yellow oil (89% ee) : [0]o®+12.0 (c 0.60, CHCI5) [lit.° [o]p +3.3 (c 0.5, CHCI)]. *H NMR
(400 MHz) 6: 0.84 (d, J = 7.3 Hz, 3H), 2.88 (gn, J = 7.3 Hz, 1H), 3.70 (s, 3H), 3.85 (s, 3H), 3.86
(s, 3H), 3.88 (s, 3H), 3.92 (s, 6H), 5.52 (d, J = 7.3 Hz, 1H), 5.55 (d, J = 2.2 Hz, 1H), 6.26 (d, J =
2.2 Hz, 1H), 6.37 (d, J = 1.7 Hz, 1H), 6.46 (d, J = 1.7 Hz, 1H), 6.69 (s, 1H); *C NMR (100 MHz)
6: 16.86, 38.31, 56.12, 56.16, 56.25, 60.88, 60.92, 61.37, 79.26, 104.86, 106.42, 107.42, 122.07,
127.64, 129.86, 131.02, 137.28, 140.90, 141.90, 151.25, 152.98, 153.06, 153.24, 170.14; IR (KBr)
cm™: 3097, 1767, 1664, 1592; MS (FAB) m/z: 445 [M+H]"; HRMS (FAB) m/z: calcd for
Ca4H2s0g: 445.1862, found: 445.1853 [M+H]".

[Daicel Chiralpak AD-H, hexane:iPrOH = 85:15 (1 mL/min), 254 nm, tz (major) = 6.18 min, tg

(minor) = 5.48 min].

(+)-Eupomatilone 5
Colorless oil (91% ee, 1:1 Mixture of rotamers) : [a]p?* +26.4 (c 1.04, CHCI5) [lit.° [a]o +6.5 (¢
1.50, CHCI3)]; *H NMR (400 MHz) &: 0.80 (d, J = 7.6 Hz, 1.5H), 0.82 (d, J = 7.3 Hz, 1.5H),

2.81-2.92 (1H, m), 3.64 (s, 1.5H), 3.65 (s, 1.5H), 3.88 (s, 3H), 3.91 (s, 3H), 5.44 (d, J = 7.3 Hz,
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0.5H), 5.53 (d, J = 7.1 Hz, 0.5H), 5.54 (d, J = 2.2 Hz, 1H), 6.017 (br s, 0.5H), 6.024 (br s, 0.5H),
6.028 (br s, 0.5H), 6.043 (br s, 0.5H), 6.24 (d, J = 2.2 Hz, 1H), 6.59 (dd, J = 7.8, 1.5 Hz, 0.5H),
6.64 (d, J = 1.2Hz, 0.5H), 6.69 (s, 1H), 6.70 (dd, J = 7.8, 1.2 Hz, 0.5H), 6.73 (d, J = 1.5 Hz, 0.5H),
6.87 (d, J = 7.8 Hz, 1H); *C NMR (100 MHz) &: 17.03 (0.5C), 17.21 (0.5C), 38.14 (0.5C) , 38.32
(0.5C), 56.11, 60.85, 61.10 (0.5C), 61.16 (0.5C), 79.29 (0.5C), 79.35 (0.5C), 101.16 (0.5C),
101.20 (0.5C), 104.78 (0.5C), 104.83 (0.5C), 108.18 (0.5C), 108.51 (0.5C), 109.91 (0.5C), 110.54
(0.5C), 121.94, 122.72 (0.5C), 123.31 (0.5C), 127.12, 128.97, 130.03 (0.5C), 130.06 (0.5C),
141.06 (0.5C), 141.14 (0.5C) , 141.83 (0.5C), 146.94 (0.5C), 147.04, 147.64 (0.5C), 147.72
(0.5C), 151.47, 152.90, 170.11 (0.5C), 170.15 (0.5C); IR (KBr) cm™*: 1767; MS (FAB) m/z: 399
[M+H]"; HRMS (FAB) m/z: calcd for CyH,307: 399.1444, found: 399.1422 [M+H]".

[Daicel Chiralpak AD-H, hexane:iPrOH = 80:20 (1 mL/min), 254 nm, tz (major) = 6.23 min, tg

(minor) = 4.84 min]

(-)-Eupomatilone 1

Colorless oil (88% ee) : [a]p?>®—0.77 (c 0.80, CHCIs) [lit.? [a]o—10.0 (c 0.5, CHCI5)]; *H NMR
(400 MHz) &: 0.88 (d, J = 7.3 Hz, 3H), 2.86-2.98 (1H, m), 3.84 (s, 3H), 3.845 (s, 3H), 3.847 (s,
3H), 3.91 (s, 3H), 5.44 (d, J = 7.6 Hz, 1H), 5.53 (d, J = 2.3 Hz, 1H), 6.00 (s, 2H), 6.25 (d, J = 2.3
Hz, 1H), 6.33 (d, J = 1.7 Hz, 1H), 6.43 (d, J = 1.7 Hz, 1H), 6.56 (br s, 1H); **C NMR (100 MHz)
8:16.42, 38.27, 56.09, 56.18, 59.98, 60.86, 79.26, 100.77, 101.37, 106.60, 107.61, 121.84, 127.37,
128.88, 130.97, 136.58, 137.26, 140.64, 140.89, 148.79, 152.99, 153.26, 170.07; IR (KBr) cm*:
1766, 1618, 1583; MS (FAB) m/z: 429 [M+H]"; HRMS (FAB) m/z: calcd for Cp3H250g: 429.1549,
found: 429.1556 [M+H]".

[Daicel Chiralpak AD-H, hexane:iPrOH = 60:40 (1 mL/min), 254 nm, tr (major) = 4.39 min, tg

(minor) = 3.34 min]
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